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Abstract 
Abstract 
Starting with a comprehensive review of both surface plasmon resonance (SPR) based and 
localized surface plasmon resonance (LSPR) based sensors, this thesis reports the studies on 
the development of a novel sensitive gold nanorod (GNR) based label-free LSPR optical 
fibre biosensor, and the development of a novel robust method for effectively modifying the 
surface of cetyl-trimethyl ammonium bromide (CTAB) capped GNRs and their LSPR 
biosensing applications.  
 
A novel GNR-based LSPR optical fibre sensor was fabricated and evaluated in this work. 
The sensor probe was prepared by covalently immobilizing GNRs, synthesized using a seed-
mediated growth method, on the decladed surface of a piece of multimode optical fibre. In 
order to operate the LSPR sensor as a reflective sensor, a silver mirror was also coated at one 
distal end of the sensor probe by a dip coating method. In the refractive index sensitivity test, 
it was found that the longitudinal plasmon band (LPB) of GNRs is highly sensitive to the 
refractive index change close to the GNRs surface, and the sensitivity of the LSPR optical 
fibre sensor increases with the increase of the aspect ratio of GNRs. The results showed that 
the GNR-based LSPR optical fibre sensors prepared in this work have linear and high refract 
index sensitivities. For sensors based on GNRs with aspect ratios of 2.6, 3.1, 3.7 and 4.3, 
their refractive index sensitivities were found to be 269, 401, 506 and 766 nm/RIU (RIU = 
refractive index unit), respectively, in the refractive index range from 1.34 to 1.41. In order 
to evaluate the biosensing performance, the GNR-based LSPR optical fibre sensor with 
aspect ratio of 4.1 and a 2 cm sensing length was further functionalized with human IgG to 
detect the specific target — anti-human IgG, and a detection limit of 1.6 nM was observed 
using a wavelength-based interrogation approach.  
 
In another study, in order to overcome the drawbacks of the CTAB-capped GNRs found in 
biosensing and biomedical applications, a simple yet robust pH-mediated method for 
effectively modifying the surface of CTAB-capped GNRs synthesized by the seed-mediated 
growth method was developed. This method allows the complete replacement of the CTAB 
molecules attached on the GNRs surface with the 11-mercaptoundecaonic acid (MUA) 
molecules to take place in a total aqueous environment by controlling the pH of the MUA 
aqueous solution, thus avoiding the irreversible aggregation of GNRs during the complex 
surface modification process observed in the previous reported methods. The success of the 
complete replacement of CTAB with MUA was confirmed by the surface elemental analysis 
using an X-ray photoelectron spectroscopy (XPS), and the MUA-modified GNRs created in 
this work demonstrated a high stability up to 4 months at least when stored in a buffer 
solution at pH 9 at 4°C. The MUA-modified GNRs with an aspect ratio of 3.9 were furthered 
developed as a solution-phase-based label-free LSPR biosensor by functionalizing the GNRs 
with human IgG. A detection limit as low as 0.4 nM for detecting anti-human IgG was 
achieved by this sensor. 
 
The achievements of this work are concluded and the directions of future work are also 
pointed out. 
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Chapter 1 
Introduction 
1.1 Background 
As an essential and powerful tool, biosensor has been playing an important role in 
applications closely related to our lives, such as biochemical research, new medicine 
development, disease diagnosis and illicit drug detection [1]. Traditional biosensors normally 
require bulk and expensive instruments, large sample volume, time-consuming detection and 
laboratory environment. Therefore, there has been a significant demand from the related 
industry for the development of more advanced biosensors with preferable properties 
including high sensitivity, fast response, small sample volume requirement, robustness, 
miniaturization and cost-effectiveness. It is, however, difficult to find an ideal and unique 
sensing solution to enable such a biosensor to possess all of the above desirable properties, 
but the advancement in the research in nanotechnology has made it a step closer.  
 
Among various bio-sensing technologies, both surface plasmon resonance (SPR) and 
localized surface plasmon resonance (LSPR) sensing technologies have been widely 
explored and reported due to their attractive features such as high sensitivity, label-free 
detection, fast response and real-time monitoring [2, 3]. SPR is known as a phenomenon that 
surface conductive electrons oscillate collectively with resonant frequency and propagate 
with along the metal-dielectric interface [2]. SPR effect normally can be generated at the 
metal-dielectric interface by evanescent wave. Due to its ultra-high sensitivity to surrounding 
refractive index change even caused by biomolecular interaction for example as well as other 
advantages mentioned above, SPR as an advanced and powerful bio-sensing technology has 
already been applied in many commercial instruments such as the BiacoreTM. 
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Chapter 1 
The conventional SPR sensors are normally fabricated based on the Kretschmann 
configuration [4], in which a very thin layer (~ 50 nm) of noble metal film such as gold and 
silver is coated on the bottom of a glass prism. The evanescent wave induced by the incident 
light at the prism-metal interface will excite the SPR effect at the metal-dielectric interface to 
detect any refractive index change close to the metal surface. However, the disadvantages of 
the prism based SPR sensors are that, the fabrication of the SPR sensors normally involves 
bulk and expensive components, and a laboratory environment is required for conducting an 
experiment, all of which limit the prism based SPR sensor to be widely applied. 
 
LSPR, on the other hand, is an optical phenomenon that, when incident light interacts with 
metallic nanoparticles, the electric field of light can excite the conduction electrons in the 
metallic nanoparticles to oscillate collectively with a resonant frequency [5]. The properties 
of LSPR are strongly dependent on the nanoparticles’ size, shape and composition as well as 
the local dielectric environment surrounding nanoparticles [5], therefore their characteristics 
can be tailored or controlled through the variation of these key parameters. Similar to the 
SPR-based sensors, LSPR-based sensors are also highly sensitive to the local refractive 
index change near the surface of nanoparticles coated on the dielectric material, e.g. optical 
fibres, therefore they are in particular suitable for high sensitive measurements. So far 
various types of LSPR-based biochemical sensors have been reported with promising results. 
Compared to the SPR sensors, although SPR sensors provide much higher sensitivity to the 
change in the bulk refractive index, it was reported that LSPR sensors can offer a 
comparable sensitivity when measuring a short range change in refractive index caused by 
the molecular adsorption for instance [6]. Some single-nanoparticle based LSPR sensors 
have been found to possess higher sensitivities than those of array-nanoparticle based LSPR 
sensors [7, 8].  
 
The fabrication of the LSPR sensors usually involves the use of noble metal nanoparticles. 
The metallic nanoparticles are either immobilized on the dielectric material substrate such as 
glass slide, or suspended in the solution such as water. Gold, among the noble metals, is 
normally preferable to most of biological applications due to its good biocompatibility and 
the strong thiol-gold covalent bond for biomolecules immobilization [9]. In addition, the size 
and shape of nanoparticles influence strongly the LSPR properties, thus LSPR sensors based 
on the gold nanoparticles (GNPs) with various geometries, such as sphere, rod, cube and 
pyramid, show significant differences in their corresponding absorption spectra and 
sensitivities [10], which also offers flexibility when designing LSPR sensors for particular 
applications. Among these GNPs, gold nanorod (GNR), due to its unique shape and optical 
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properties that the plasmon band of GNR is tunable with its aspect ratio, has shown potential 
in the LSPR sensor field and has attracted more and more attention. It was reported that the 
GNR based LSPR sensor possesses a higher sensitivity compared to the LSPR sensors based 
on conventionally used spherical GNPs with similar structures [10, 11]. 
 
These biosensors become more advantageous when they are integrated into optical fibres.  
Fibre-optic based sensor devices have shown advantages such as small sample volume 
requirement, a miniaturized and simplified optical design, immunity to electromagnetic 
interference and capability for remote sensing. Thus, the optical fibre sensors have been 
widely applied in many areas such as medical instruments, aerospace, distributed sensing, 
civil engineering and mine safety monitoring [12]. Combing the advantages of both LSPR 
sensing technique and optical fibre sensor, LSPR based optical fibre biosensors offer a 
promising solution to overcome the limitations arising from conventional biosensors 
discussed above. In 2003, Cheng and Chau reported a LSPR optical fibre biochemical sensor 
based on self-assembled colloidal GNPs [13]. The simplicity of their sensor system and 
promising sensitivity of the sensor attracted many attentions. Since then tremendous effort 
has been made in the field with an aim to develop novel LSPR based optical fibre biosensors.  
 
1.2 Aims and objectives of this work 
Compared to the commonly used spherical GNPs, research in developing gold nanorods 
(GNRs) based LSPR sensors just started recently. Most of the reported optical fibre based 
LSPR sensors are based on the gold nanoshperes (GNSs) [14, 15]. Despite a few GNRs 
based LSPR sensor with other constructions have been reported [16, 17], there was limited 
report on the development of GNR based LSPR optical fibre sensors, which forms the focus 
of this research reported in this thesis, with an aim to ‘fill in the gaps’ identified. In addition, 
GNRs used in the fabrication of LSPR sensors are normally synthesized by a seed-mediated 
chemical method in the presence of cetyltrimethylammoniumbromide (CTAB) surfactant 
[18], which results in the formation of a dense bilayer of CTAB molecules working as a 
stabilizer on the surface of GNRs. The main drawback of this technique is that the CTAB 
bilayer blocks either large biomolecules or functional linkers from approaching the GNRs 
surface to functionalize GNRs for immunosensing, therefore it affects the overall 
performance of the LSPR sensors either based on optical fibre or on other substrates. 
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In light of the above, this work mainly aims to develop a novel and highly sensitive GNRs 
based LSPR optical fibre sensor for the biosensing applications, and to find a method which 
can effectively modify the surface of CTAB-capped GNRs in order to improve the 
performance of GNRs based LSPR sensors.  
 
The major objectives of the work reported in this thesis are:  
 
• To conduct a thorough literature review on the work associated with both SPR and LSPR 
based sensors, as a background to this research. 
• To synthesize GNRs with various aspect ratios prior to the fabrication of GNRs based 
LSPR optical fibre sensor probes, and to establish a sensor system for further evaluation 
and calibration. 
• To carry out a series of experiments to observe the response of the LSPR optical fibre 
sensors based on GNRs with various aspect ratios to bulk refractive index change, and 
make a comparison with the sensors’ sensitivities in order to find out the relationship 
between the aspect ratio of GNRs and the sensitivities of their corresponding LSPR 
sensors created to refractive index change. 
• To functionalise the GNRs based LSPR optical fibre sensor probe in order to make it a 
biosensor, and carry out experiments to evaluate its performance of being a label-free 
immunobiosensor. 
• To develop an effective surface modification method to modify the surface of CTAB-
capped GNRs in order to improve the performance of GNRs based LSPR sensors. 
• To summarize the achievements made throughout the project period and outline the 
directions of future research. 
• To report widely the research outcomes obtained at various stages through various 
means, including peer-reviewed international journal publications and presented at 
international conferences. 
 
1.3 Structure of the thesis 
The thesis is structured encompassing six chapters describing the comprehensive work 
carried out to achieve the aims and objectives set out above. 
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Chapter 1 begins with a brief background in relation to both SPR and LSPR based 
biosensors. After analysing the current issues in the reported LSPR sensors, the aims and 
objectives of this work are proposed, followed by the structure of the thesis which outlines 
the whole work carried out. 
 
Chapter 2 focuses on the review of existing technologies surrounding both SPR and LSPR 
sensors. Firstly, it explains the sensing principle of SPR, followed by an introduction to the 
configuration and characteristics of the typical SPR sensors and their applications. Secondly, 
Chapter 2 also explains the sensing principle of LSPR, and introduces the optical properties 
and synthesis of GNPs, particularly the GNRs. The characteristics of LSPR sensors based on 
different configurations are described together with their associated applications. Finally, 
available surface modification methods for GNRs are introduced and discussed. 
 
Chapter 3 introduces the details of the fabrication of the GNRs based LSPR optical fibre 
sensors, including the synthesis of GNRs with various aspect ratios via a seed-mediated 
method, the preparation of multimode optical fibres as a sensor substrate, and the 
immobilization of GNRs on the unclad surface of optical fibres. The experimental set-up 
consisting of different instruments is also included in the discussions. In addition, a study on 
the refractive index sensitivity of the LSPR sensors based on GNRs with different aspect 
ratios has been carried out and the results have been compared and discussed. 
 
Chapter 4 describes the performance of the LSPR optical fibre sensors prepared in Chapter 
3 in the biosensing applications when working as a label-free immunobiosensor. The as-
prepared LSPR sensor probe was further functionalized with human IgG before being 
extensively evaluated through a series of experiments for detecting the anti-human IgG at 
different concentrations. The results regarding the detection limit and sensitivity were 
analysed and discussed. 
 
Chapter 5 reports a novel method to modify effectively the surface of CTAB-capped GNRs 
prior to the fabrication of LSPR biosensors. The detailed procedure with regard to this 
method was described, and the characteristics of the GNRs before and after the surface 
modification were compared. A study on evaluating the performance of the surface modified 
GNRs of being a solution-phase-based LSPR biosensor was also carried out in this chapter. 
 
5 
 
Chapter 1 
Chapter 6 concludes the whole work carried out with the results obtained from this 
research, summarizing the achievements made in relation to the aims and objectives 
identified in Chapter 1. Suggestions for future work are also included, with an aim to achieve 
better sensor performance and widen the scope of the research.  
1.4 Summary 
In this chapter, a brief background related to the work contained in the thesis has been 
introduced. Additionally, the aims and objectives of the work have been proposed, and the 
structure of the thesis as an outline of the whole work carried out has also been described in 
this chapter. 
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Chapter 2 
Background and review of surface plasmon 
resonance (SPR) and localized surface 
plasmon resonance (LSPR) based sensors 
 
2.1 Introduction 
Since the first application of surface plasmon resonance (SPR) sensor reported three decades 
ago, a considerable amount of studies on the development of SPR based sensors for various 
applications, in particular for biochemical and biological sensing applications, has been 
carried out. The importance of SPR sensing technology on the biochemistry study as well as 
other fields has been widely recognized. Instrumentations based on SPR sensing technology 
have been successfully developed and commercialized and SPR biosensors have become a 
powerful tool for analysing the biomolecular interactions. On the other hand, the localized 
surface plasmon resonance (LSPR) sensing technology, as a newly developed biosensing 
technique compared to SPR, has attracted more and more attentions in recent years. Not only 
have the LSPR sensors demonstrated a comparable performance on biosensing applications 
compared to SPR sensors, but also LSPR technology has extended the application scope of 
SPR, for instance, to the application of LSPR in surface-enhanced Raman scattering (SERS). 
Although the majority of the work contained in this thesis is based on the LSPR technology, 
it is also important to understand the differences and similarities between SPR and LSPR, in 
order to develop a sensor with an optimal design and performance. Therefore, this chapter 
reviews the major development of both SPR and LSPR technologies, including their sensing 
principles, sensor configuration and typical applications, especially the biosensing 
applications. 
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2.2 Background and development of SPR sensor 
2.2.1 Introduction to SPR  
 
The physical phenomenon of SPR was first described in 1902 by Wood [1, 2], who observed 
a pattern of “anomalous” diffraction in the reflected light when the polarized light was shone 
on a mirror with a diffraction grating on its surface. After that, many scientists had been 
trying to explain this intriguing phenomenon for decades, but a comprehensive explanation 
of SPR could not be given until 1968 when Otto [3] and, in the same year, Kretschmann and 
Raether [4] reported the excitation of the surface plasmons by the method of attenuated total 
reflection (ATR) based on a similar prism coupling configuration respectively. The potential 
use of SPR for sensing purposes started to be recognized in late seventies [5, 6]. And in 
1983, the application of SPR based sensor for monitoring the biomolecular interaction was 
first demonstrated by Liedberg et al [7]. By employing the SPR sensing technique, they were 
able to realize the direct and real-time detection of the biomolecular interaction even without 
labelling molecules, the technique which was normally used in the traditional techniques. 
Since then, SPR sensing technology has been drawing a great attention and continuously 
being developed. In 1990, Pharmacia Biosensor AB launched the first commercial SPR 
biosensor based on the Kretschmann configuration – the Biacore instrument [8]. The success 
of Biacore SPR products has attracted many other companies devoting to the development of 
commercial SPR instruments with their own features. To date, a great deal of work has been 
done in terms of the development of new SPR based instruments and modification of the 
SPR sensor designs for various purposes, especially for label-free, real-time biosensing. SPR 
technology, as a leading sensing technology, has been playing a prominent role in the fields 
of physical, chemical and biological studies. 
 
2.2.2 SPR theory 
 
Surface plasmon (SP) is a collective electrons oscillation existing at the metal-dielectric 
interface. The physical phenomenon that surface plasmon wave (SPW) propagating along 
the metal-dielectric interface is known as surface plasmon resonance (SPR) [9]. SPR can be 
excited by incident light when the frequency of light photons matches the natural frequency 
of surface electrons that induces the electrons oscillation with a resonant frequency. By 
solving Maxwell’s equation, it can be found that the SPW is a TM-polarized or p-polarized 
10 
 
Chapter 2 
electromagnetic wave, the field intensity of which is maximum at the metal-dielectric 
interface and decays exponentially into both metal and dielectric media as shown in Fig. 2.1. 
 
 
 
Fig. 2.1. Field intensity of SPW decays exponentially into metal and dielectric media. 
 
According to Maxwell’s theory, SPW can propagate along the metal-dielectric interface with 
propagation constant (𝑘𝑘𝑆𝑆𝑃𝑃) which is given by the following expression: 
 
 𝑘𝑘𝑆𝑆𝑃𝑃 = 𝜔𝜔𝑐𝑐 � 𝜀𝜀𝑚𝑚𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚 + 𝜀𝜀𝑑𝑑 (2.1) 
 
where 𝜔𝜔 represents the frequency of the incident light, and 𝑐𝑐 is the speed of light in vacuum;  
𝜀𝜀𝑚𝑚  and 𝜀𝜀𝑑𝑑  represent the dielectric constant of metal layer and dielectric medium, 
respectively. It can be concluded from the above equation that the properties of SPW are 
highly dependent on the both metal and dielectric media. When light travels through the 
dielectric medium 𝜀𝜀𝑑𝑑 at frequency 𝜔𝜔, the propagation constant of light 𝑘𝑘𝐷𝐷 is given by:  
 
The dispersion relation for SPW is shown in Fig. 2.2. As shown in Fig. 2.2, the dispersion 
relation of SPW never intersects with that of light travelling in dielectric medium 𝜀𝜀𝑑𝑑 (for 
instance in air), which indicates that the incident light cannot directly excite SPR at the 
metal-dielectric interface. Therefore, in order to excite SPR, the momentum of incident light 
in dielectric medium has to be enhanced to match that of SPW. 
 
 𝑘𝑘𝐷𝐷 = 𝜔𝜔𝑐𝑐 �𝜀𝜀𝑑𝑑 (2.2) 
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Fig. 2.2. Dispersion relation for SPW (kSP) and light in dielectric medium (kD). ω and k 
represent frequency and propagation constant respectively [10]. 
 
2.2.3 Excitation of SPR 
2.2.3.1 Otto configuration 
 
In 1968, Otto first reported an ATR method to excite SPR by coupling evanescent wave 
(EW) with SPW at the metal-dielectric interface via a prism based configuration, which is 
known as the Otto configuration, as shown in Fig. 2.3. The idea behind this configuration is 
that, since the EW is also an electromagnetic wave with intensity decaying exponentially 
into the media, the properties of which are similar to those of SPW, there is a strong 
possibility that SPR could be excited by coupling EW with SPW. As illustrated in Fig. 2.3, a 
glass prism is used to generate the EW which is formed at the boundary of two media with 
different refractive indexes due to the total internal reflection (TIR). A metal surface is 
brought to the bottom of the prism with a very small gap (~200 nm) between them. When the 
incident angle of a p-polarized incident light launched into the prism is equal to or greater 
than the critical angle, the phenomenon of TIR occurs, which results in the generation of EW 
at the prism-air interface. The exponentially decaying evanescent filed then penetrates into 
the metal close to the prism base to couple with SPW, which excites the SPR at the metal-air 
interface. As there is a loss of intensity in reflected light due to the energy transfer, this 
technique that using EW generated by TIR to couple with SPW is called attenuated total 
reflection (ATR) [2]. 
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Fig. 2.3. Schematic diagram of Otto configuration. 
 
The propagation constant of EW at the prism-air interface is given by: 
 
 𝑘𝑘𝐸𝐸𝐸𝐸 = 𝜔𝜔𝑐𝑐 �𝜀𝜀𝑝𝑝 sin 𝜃𝜃 = 𝑘𝑘𝑃𝑃 sin𝜃𝜃 (2.3) 
 
where 𝜀𝜀𝑝𝑝 and 𝜀𝜀𝑑𝑑 represent the dielectric constant of prism and dielectric medium (air in this 
case), and  𝜀𝜀𝑝𝑝 > 𝜀𝜀𝑑𝑑 . θ represents the incident angle of incident light, 𝑘𝑘𝑃𝑃  represents the 
propagation constant of light in prism. By adjusting the incident angle, the SPR will be 
excited when: 
 
 𝑘𝑘𝐸𝐸𝐸𝐸 = 𝑘𝑘𝑆𝑆𝑃𝑃 (2.4) 
 
However, the main disadvantage of the Otto configuration is that, in order to enable the 
evanescent field to penetrate into the metal layer, the metal layer has to be brought very close 
to the base of prism, which makes the Otto configuration difficult to be applied in practical 
applications. Therefore, the Otto configuration has not been widely employed in SPR 
sensing. 
 
2.2.3.2 Kretschmann Configuration 
 
In the same year, Kretschmann and Raether also reported a prism based SPR configuration, 
which is well-known as Kretschmann configuration, as shown in Fig. 2.4. Kretschmann and 
Raether noticed that the EW could also be generated at the prism-metal interface when the 
metal layer is attached to the prism base. So as long as the thickness of the metal is small 
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enough, the EW could also excite the SPR at the metal-dielectric interface. Therefore, in 
order to overcome the limitation caused by the gap between the prism and metal layer in 
Otto configuration, they coated a very thin metal film (about 50 nm) directly onto the prism 
base as demonstrated in Fig. 2.4. When the incident angle of the p-polarized light is equal to 
or greater than the critical angle, the EW will be generated at the prism-metal interface, 
penetrates into the metal and couples with SPW, which further excites the SPR at the metal-
dielectric interface. This configuration allows the target analytes to be conveniently in 
contact with the metal surface, the layout of which overcomes the drawback of Otto 
configuration. Since then, the Kretschmann configuration has become the standard 
configuration of the prism-based SPR sensors and has been widely applied by researchers for 
various sensing purposes as well as by many companies for fabricating commercial SPR 
products even to date. 
 
 
 
 
Fig. 2.4. Schematic diagram of Kretschmann configuration. 
 
From the dispersion relations for the incident light and SPW as shown in Fig. 2.5, we can 
observe that, the dispersion curves of EW (curves b and c) intersect with that of SPW at the 
metal-dielectric interface (curve d) when the incident angle θ is equal to and greater than the 
critical angle θTIR. Thus, the SPR can be exited at the crossing point when kEV  = kSP. It is 
also noticed that, the dispersion curve of EW never intersects with that of SPW at the metal-
prism interface (curve e) even when the incident angle is equal to 90° (curve c), which 
indicates that no SPR can be exited at the metal-prism interface. 
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Fig. 2.5. Dispersion curves of: (a) incident light in dielectric medium, (b) EW when incident 
angle θ = θTIR, (c) EW when incident angle θ = 90°, (d) SPW at metal-dielectric interface, 
and (e) SPW at metal-prism interface. kD, kEV, kp, kSP (M/D), kSP (M/P) represent the propagation 
constants of light in air, EW at metal-prism interface, light in prism,  SPW at metal-dielectric 
interface, SPW at metal-prism interface, respectively  [10]. 
 
2.2.4 Sensing principle and characteristics of SPR sensor 
2.2.4.1 Sensing principle 
 
Briefly, the basic sensing principle of SPR sensor is to detect the refractive index change 
happened around the sensing area. When the incident light couples with the SPWs (in the 
form of EW), part of the energy of the incident light will be transferred into the free 
electrons of the metal, which results in the oscillation of the free electrons at the metal-
dielectric interface and the loss in energy of the reflected light. Any change in the refractive 
index (or dielectric constant) at or close to the metal-dielectric interface, even the small 
change caused by the biomolecular interaction, will change the condition for the SPR 
excitation. As a result, the energy transferred from the incident light varies with the 
refractive index change. Therefore, the refractive index change around the sensing surface 
can be detected by monitoring the change of the optical parameters of the reflected light. 
 
Fig. 2.6 shows an example of a typical prism based SPR biosensor. As shown in Fig. 2.6 (a), 
the bio-receptors (or so-called ligands) are immobilized on the sensing surface. By 
measuring the intensity of reflected light at different incident angles, a dip in the reflectance 
spectrum of the reflected light can be observed at a particular angle (θ1). The loss of reflected 
light intensity is caused by the excitation of SPR when incident light couples with SPs. And 
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the incident angle corresponding to the maximum loss of reflected light intensity is called 
resonance angle or SPR angle. 
 
 
 
 
Fig. 2.6. (a) Prism based SPR sensor functionalized with bio-receptors, (b) Target molecules 
binding to receptors, (c) Resonance angle shift after the binding of target molecules and (d) 
The change of SPR angle as a function of time. 
 
After the target molecules are bound to the receptors as demonstrated in Fig. 2.6 (b), the 
capture of target molecules will induce the change of the refractive index at the sensing 
surface. According to Equation 2.4, the variation in the refractive index will change the 
condition for excitation of SPR, thereby resulting in the shift of the SPR angle from θ1 to θ2 
as shown in Fig. 2.6 (c). Fig. 2.6 (d) demonstrates the change of SPR angle as a function of 
time in the real-time monitoring. It has been found that the SPR angle increases with the 
increase of refractive index at the sensing surface [10].  
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The angular interrogation method introduced above is based on the measurement at a fixed 
wavelength by using a monochromatic light source and this method has been commonly 
used in SPR sensors [11, 12]. Apart from it, detecting approaches based on intensity 
measurement at a fixed SPR angle [7, 13, 14] and resonance wavelength interrogation by 
using polychromatic light source [15-17] also have been often applied in SPR sensors. 
 
2.2.4.2 Characteristics of SPR sensor 
 
When evaluating the performance of a SPR sensor, especially a SPR biosensor, several key 
characteristics of a SPR sensor are required to be taken into consideration, which include 
sensitivity, linearity, resolution, limit of detection, regenerability and stability [18-20]. 
 
Sensitivity: The sensitivity of a SPR sensor is a key parameter which indicates how sensitive 
the SPR sensor is to the refractive index change near the sensing surface. It also has an 
influence on the limit of detection (LOD) for the SPR biosensor. Normally, the higher the 
refractive index sensitivity, the lower the LOD can be achieved. The sensitivity, SRI, is 
defined as the ratio between the change of the monitored parameter of SPR sensor (such as 
SPR angle, wavelength or intensity) and the surrounding refractive index change, and it can 
be expressed as: 
 𝑆𝑆𝑅𝑅𝑅𝑅 = ∆𝑌𝑌∆𝑛𝑛 (2.5) 
 
where ∆𝑌𝑌  and ∆𝑛𝑛  denote the change of parameter of SPR sensor and the corresponding 
change of refractive index respectively. For example, for wavelength based measurement, 
the sensitivity of a SPR sensor is the ratio of SPR wavelength shift to the corresponding 
refractive index change, and the unit of sensitivity is nm/RIU (RIU = refractive index unit). 
 
Linearity: Linearity is usually defined as the maximum deviation from the linear transfer 
function over the specified dynamic range [19]. The sensor linearity demonstrates the linear 
relationship between measurand and the sensor output over the working range. In SPR 
sensors, the term linearity usually refers to the linearity of SPR sensitivity over a specific 
range of refractive index. In the linear fitting of measurand (such as angle or wavelength) 
shift as a function of refractive index change, R-squared value can reflect the linearity of the 
SPR sensor. In a specific refractive index range, the closer the R-squared value is to 1, the 
more linear the sensitivity of SPR sensor is, and such refractive index range is called linear 
range. SPR sensors with linear sensitivity are desirable, as they require fewer calibration 
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points to produce a set of accurate sensor calibration data. In addition, when SPR sensor 
operates in the linear range it is easier to identify the accuracy of the measurements. 
 
Resolution: The resolution of an SPR sensor is defined as the smallest change in the bulk 
refractive index that produces a detectable change in the sensor output. The resolution of an 
SPR sensor, RRI, is typically expressed in terms of the standard deviation of noise of the SPR 
sensor output, δSO, translated to the refractive index of bulk medium [20],  
 
 𝑅𝑅𝑅𝑅𝑅𝑅 = 𝛿𝛿𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅  (2.6) 
 
 
where SRI is the bulk refractive index sensitivity. The unit of the resolution of an SPR sensor 
system is RIU. The resolution of SPR sensors is mainly dependent on the resolution of the 
detector (or spectrometer) and the signal to noise ratio (SNR) of the sensor system. 
Therefore, the resolution of SPR sensor can be improved by employing a detector with a 
higher resolution and also by enhancing the SNR through the generation of strong and stable 
sensor signals, using stable light source and appropriate data processing and analysis for 
instance. 
  
Limit of detection: The limit of detection (LOD) is a key characteristic for the evaluation of 
a SPR biosensor. The LOD is defined as the lowest detectable concentration of the analyte, 
with unit such as nM or mg/mL, and it is highly dependent on the sensitivity and resolution 
of the SPR biosensor as well as its bioaffinity to the analyte. Normally, for the SPR 
biosensors with the same bioaffinity to the analyte, improving the sensitivity and resolution 
of the SPR biosensor could improve its LOD accordingly.  
 
Regenerability: Regenerability is an ability of biosensor that, after the analyte is bound to 
the receptors immobilized on the biosensor, the biosensor can be regenerated by 
disassociating the analyte from the receptors so that the biosensor can be reused as a new 
sensor. Because the expensive noble metals such as gold are normally used for the 
preparation of SPR biosensor, SPR biosensor with regenerability can reduce the cost of 
experiments when the same sensor is able to be used for several times. However, it is worth 
noting that, after multiple regenerations, the results of measurement from such sensor might 
not be reliable, as the condition at the sensing surface could be changed by rinsing during the 
regeneration process. 
 
18 
 
Chapter 2 
Stability: Stability is ability of the sensor to provide the same output when measuring the 
same value of measurand under the same operating conditions over a period of time. It 
depends on the robustness of the sensor such as the oxidation resistance. 
 
2.2.5 Optical fibre based SPR sensor 
 
The development of fibre-optic SPR sensors began in the early 1990s [16, 21-24]. Optical 
fibre can be used to excite SPR due to the fact that the guidance of light in the optical fibre is 
based on the total internal reflection (TIR). Light propagating through an optical fibre 
consists of two components: the TIR guided field in the fibre core and the exponentially 
decaying evanescent field generated at the core-cladding interface. Since in the prism based 
SPR sensor where the prism is used to obtain the TIR and EW to excite SPR, the optical 
fibre can also be used for the same purpose to fabricate optical fibre based SPR sensor. 
Compared to the conventional prism based SPR sensors, the optical fibre based SPR sensors 
have shown advantages including small sample requirement, simplified and flexible sensor 
design, miniaturized sensor system, remote sensing capability and resistance to 
electromagnetic interference. Therefore, more and more studies on the development of 
various optical fibre based SPR sensors and their applications have been reported in recent 
years. 
 
The mechanical flexibility and the variety of optical fibres allow many interesting and 
promising fibre-optic SPR sensors to be realized. According to their typical features, the 
fibre-optic SPR sensors reported so far can be classified into four categories: decladed 
optical fibre, side-polished optical fibre, tapered optical fibre and fibre grating based SPR 
sensors. Table 1 summarises the characteristics of these SPR sensors.  
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Table 1. Characteristics of optical fibre based SPR sensors with different structures. 
Sensor structure Characteristics Detection RI 
range 
RI Sensitivity Ref. 
Transmission-
based  
MMFa, decladed 1.33 ~ 1.40 ~ 2500 ~ 3000 
nm/RIU 
1 
Reflection-based MMF, decladed, silver 
end mirror 
1.34 ~ 141 ~ 3085 nm/RIU 2 
U-shaped  MMF, decladed, U-
shaped bending 
1.33 ~ 1.35 ~ 70 µm/RIU 3 
Side-polished MMF, part core polished 1.35 ~ 1.43 ~ 3425 nm/RIU 4 
D-type SMFb, half core polished 1.33 ~1.37 ~ 2 × 10-6 RIU 
(phase) 
5 
Tapered tip SMF, tapered tip 1.33 ~ 1.375 ~ 4000 %/RIU 
(intensity) 
6 
Continuously 
tapered  
SMF, tapering ratio 1.333 ~ 1.3424 ~ 2400 nm/RIU 7 
LPG SMF, with cladding, 
multiplexing 
1.329 ~ 1.34 ~ 1100 nm/RIU 8 
FBG SMF, with cladding, tilted 
grating 
1.42 ~ 1.45 ~ 454 nm/RIU 43 
aMMF = multimode fibre, bSMF = single mode fibre. 
 
2.2.5.1 SPR sensors based on decladed optical fibres 
 
The decladed optical fibres have been commonly used for the development of optical fibre 
SPR sensors. In general, the delcaded optical fibre SPR sensors are fabricated by partly 
removing the cladding of an optical fibre, and depositing a thin layer of metal film around 
the exposed fibre core. Fig. 2.7 (a) - (f) show the structures of three typical decladed optical 
fibre SPR sensors and their corresponding SPR spectra. 
 
 
 
 
 
 
20 
 
Chapter 2 
 
 
 
 
(a) (b) 
  
 
 
(c) (d) 
  
 
 
(e) (f) 
 
Fig. 2.7. (a) Optical fibre SPR sensor with transmission-based configuration and (b) it 
corresponding SPR spectrum [25], (c) optical fibre SPR sensor with reflection-based 
configuration and (d) its corresponding SPR spectrum [26], (e) optical fibre SPR sensor with 
U-shaped bending and (f) its corresponding SPR spectrum [27]. 
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Transmission-based SPR sensor  
In 1993, Jorgenson and Yee reported an optical fibre based SPR sensor with a transmission 
configuration for detecting the variations in the refractive index of solutions [16]. As 
illustrated in Fig. 2.7 (a), this sensor was fabricated by using a piece of conventional polymer 
cladded multimode optical fibre with about 10 mm cladding removed in the middle of the 
optical fibre. The exposed section of fibre core subsequently coated with a silver layer about 
55 nm thick was then used as the sensing region. The incident light was coupled into the 
optical fibre from its end connected to a white light source and generated EW at the fibre 
core-metal interface. The EW further excited SPR at the metal-dielectric interface and the 
change of the incident light due to the variation in refractive index was detected by a 
spectrometer connected to the other end of the optical fibre. The wavelength interrogation 
technique was applied in their work, and the sensitivity of the SPR sensor created was 
reported to be comparable to that of a traditional prism based SPR sensor [16].  
 
Reflection-based SPR sensor  
Later, a terminated reflection-based fibre-optic SPR sensor system was also reported by 
Jorgenson and Yee [28]. The reflection-based optical fibre SPR sensor has the same sensing 
principle as the transmission-based optical fibre SPR sensor. However, as shown in Fig. 2.7 
(c), in the reflection-based configuration the fibre cladding was removed at one end of the 
optical fibre rather than in the middle and a micro-fabricated mirror was also attached to the 
end of the fibre to reflect the light back. Therefore, the reflection-based sensor probe is 
constructed at the end of the optical fibre. Compared to the transmission-based optical fibre 
SPR sensor, the reflection-based optical fibre SPR sensor shows many potential advantages, 
suitable for practical sensing applications, including: elimination of a flow-cell needed for 
the transmission-based sensor, small volume of sample requirement, inexpensive disposable 
sensor probes, long distance remote sensing and miniaturized portable SPR sensor device. 
 
U-shaped bending SPR sensor  
Optical fibre sensors with a decladed U-shaped bending have been found to have higher 
absorbance sensitivity than that of a straight optical fibre sensor when they are used as 
absorbance based biochemical sensors. The enhancement in the absorbance sensitivity of 
optical fibre sensor with U-shaped bending is due to the reason that the penetration depth of 
evanescent field increases significantly in bending region [29]. Recently, Verma and Gupta 
proposed a SPR based fibre-optic sensor with a U-shaped probe [27]. As demonstrated in 
Fig. 2.7 (e), the decalded U-shaped bend used as the sensing region was coated with a thin 
metal film. The sensitivity of the sensor was analysed by using a bi-dimensional model. In 
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their study, they found that the bending radius of the sensor probe has an effect on the 
sensitivity and the sensitivity of the sensor increases with the decrease of the bending radius. 
However, when the bending radius decreases below a certain value, the sensitivity of the 
sensor starts to decrease dramatically due to the reason that the incident angle of light is less 
than the critical angle required for light to be guided in the bending region. Therefore, the 
maximum sensitivity of the U-shaped sensor can be obtained at an optimum value of the 
bending radius. The maximum sensitivity achieved in their work was reported to be several 
times higher than that of a SPR based optical fibre sensor with a tapered probe [27]. 
However, in terms of practical applications, despite higher sensitivity achieved, the optical 
fibre SPR sensor with U-shaped bending still remains to be disadvantageous as found in the 
transmission-based optical fibre SPR sensor.  
 
2.2.5.2 SPR sensors based on side-polished optical fibres 
 
The decladed optical fibre based SPR sensors introduced above were fabricated by using 
multimode fibres. Single mode fibres are not suitable for the same design, because the fibre 
core of single mode fibres is too small that it is very fragile and easy to break without the 
protection of cladding. Therefore, a side-polished technique was applied for developing SPR 
sensors based on the single mode optical fibres [30, 31]. A sketch of a typical side-polished 
single mode optical fibre SPR sensor is shown in Fig. 2.8 (a). At one side of the single mode 
optical fibre, the cladding of the fibre was removed by mechanical polish and a thin metal 
layer was deposited on the polished flat surface of the optical fibre working as the sensing 
surface. In this configuration, a fundamental mode propagating through the fibre couples 
with the SPW at metal-dielectric interface, which results in the excitation of SPR at the 
interface. It was reported that such side-polished single mode optical fibre SPR sensors have 
a higher sensitivity and better stability compared to the multimode optical fibre based SPR 
sensors [9]. 
 
Another type of side-polished single mode optical fibre SPR sensor called D-type optical 
fibre SPR sensor was also reported [32-34]. This sensor design is analogous to the traditional 
prism based SPR sensors. As demonstrated in Fig. 2.8 (c), apart from the cladding, half of 
the fibre core was also side-polished to form a flat surface which was covered by a thin metal 
film, so that the sensor probe has a ‘D’ shape when looking at its cross section. A similar 
sensor design but based on the multimode optical fibre was also reported [35]. The 
advantages of the D-type optical fibre SPR sensors are that they provide larger sensing area 
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and allow more biomolecules to be immobilized on their flat sensing surface when they are 
used as biosensors. However, for both the side-polished and D-type optical fibre sensors, the 
major drawback of these sensors is that their fabrication is much complicated and 
sophisticated in comparison to those using decladed multimode fibres. In addition, a reliable 
control of polarization state of optical wave propagating in the optical fibre is also required 
[31].  
 
 
 
 
 
(a) (b) 
  
  
(c) (d) 
 
Fig. 2.8. SPR sensors based on side-polished optical fibres: (a) side-polished single mode 
optical fibre SPR sensor [36] and (b) it corresponding SPR spectrum [37], (c) D-type side-
polished optical fibre SPR sensor [10] and (d) it corresponding SPR spectrum [38]. 
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2.2.5.3 SPR sensors based on tapered optical fibres 
 
It was also reported that the sensitivity of optical fibre sensors could be improved by 
changing the shape or geometry of the optical fibres. In addition to the U-shaped and the 
side-polished optical fibres introduced above, the tapered optical fibres have also shown the 
ability of enhancing the sensitivity of optical fibre sensors. In the comparison studies, 
researchers found that the tapered optical fibre sensors have higher sensitivity compared to 
the similar optical fibre sensors with uniform geometry when they were used as the 
evanescent field based sensors which uses the evanescent filed to directly interact with the 
analyte [39-41]. The increase of sensitivity of the tapered optical fibre sensors is due to the 
increase of evanescent filed magnitude and penetration depth in the tapered region [42]. The 
tapered optical fibre based SPR sensors have also shown higher sensitivities than the 
conventional non-tapered optical fibre SPR sensors [43,44].  
 
Because of the great penetration depth of evanescent field, the tapered optical fibre SPR 
sensors can be fabricated by either removing the cladding and tapering the fibre core or 
tapering whole fibre without the removal of cladding. There are two types of geometries of 
tapered optical fibre commonly used in SPR sensors: tapered tip and continuously tapered 
fibre. As shown in Fig. 2.9 (a), the diameter of a tapered tip decreases gradually until the 
optical fibre becomes a sharp tip. The tapered tip at the end of an optical fibre is formed by 
chemically etching the fibre in strong acid solution [45]. The sharp tapered tip, subsequently 
covered by a thin metal film, is used as the sensing region. On the other hand, as 
demonstrated in Fig. 2.9 (c), the continuously tapered fibre normally contains three tapered 
regions with different diameters, which gradually decreases in region 1, keeps at a constant 
vale in sensing region, and finally gradually increases back to the original diameter in region 
2. The continuously tapered fibre can be fabricated by softening the tapered region with 
flame heating and then stretching both sides of the optical fibre simultaneously during the 
heating [46]. To use a taper as a SPR sensor, a thin metal needs to be deposited on surface of 
the tapered fibre in the sensing region. It is because that the evanescent field is at its 
maximum in the region of the smallest diameter. It also has been found that the geometric 
parameters including diameter, length and taper ratio have influence on the sensitivity of the 
tapered optical fibre sensors [43, 44].  
 
 
 
 
25 
 
Chapter 2 
 
 
(a) (b) 
 
 
(c) 
 
 
(d) 
 
Fig. 2.9. SPR sensors based on tapered optical fibres: (a) optical fibre SPR sensor with a 
tapered tip and (b) its corresponding SPR spectrum [47], (c) optical fibre SPR sensor with 
continuously tapered regions [48] and (d) its corresponding SPR spectrum [49]. 
 
26 
 
Chapter 2 
2.2.5.4 SPR sensors based on fibre gratings 
 
Apart from  the conventional single mode or multimode optical fibres based SPR sensors 
introduced above, single-mode optical fibre SPR sensors based on long period fibre grating 
(LPG) and fibre Bragg grating (FBG) have also been reported recently. The excitation of 
SPR for both LPG and FBG based SPR sensors is achieved by using LPG or FBG imprinted 
in the optical fibre to couple the light from core mode to cladding modes, and the EW 
generated at the cladding-metal interface further couples with the propagating SPW [50].  
 
He et al. proposed an LPG based optical fibre SPR sensor for measuring the refractive index 
of analyte [51]. In their work, the sensor was fabricated by depositing a thin metal film on 
the cladding of an optical fibre with LPG written in the fibre (Fig. 2.10 (a)). The LPG with 
proper period was used to couple the core mode to the cladding mode. Such cladding mode 
then coupled with the co-propagating SPW, which results in the excitation of SPR at the 
metal-dielectric interface. The refractive index change of analyte was detected by measuring 
the core mode power at a fixed wavelength. In addition, FBGs have also applied for the 
excitation of SPR. However, since FBGs do not readily couple the core mode to the cladding 
modes, for the FBG based SPR sensors, a special sensor design is normally required in order 
to couple to SPW [52]. Nemova and Kashypa reported a theoretical study of an FBG based 
SPR sensor [53]. In their study, an FBG was inscribed in a specially designed single-mode 
fibre, which has a relatively large core (26 µm in diameter) and a thin cladding (2 µm in 
thickness) coated with thin gold film, in order to generate a nonzero core mode field 
amplitude at the cladding-gold interface. In this sensor design, the FBG is able to couple the 
fundamental core mode to the encountering SPW, thus exciting SPR at the gold-dielectric 
interface. Shevchenko and Albert experimentally demonstrated an optical fibre SPR sensor 
based on a tilted FBG [50]. As shown in Fig. 2.10 (c), the SPR sensor was fabricated by 
implanting a tilted FBG into a standard single-mode fibre with cladding covered by a thin 
gold film. The tilted FBG can couple the forward-propagating core mode out of the fibre 
core into the back-propagating cladding modes, which have nonzero evanescent fields 
extending into the gold film. The coupling of cladding mode and the SPW occurs when the 
axial component of the propagation constant of the cladding mode matches that of the SPW, 
resulting in the excitation of SPR. The transmission spectrum was used to monitor the 
resonance wavelength shift when the sensor was subjected to the exterior refractive index 
change surrounding the sensing area [50]. The advantage of the fibre gratings based SPR 
sensors is that, SPR can be excited by mode coupling without the need of bending, side 
polishing or tapering the fibre. In addition, with numbers of gratings written in the same 
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optical fibre, the fibre grating based SPR sensors are able to provide multiple sensing 
channels [51, 54]. 
 
 
  
(a) (b) 
  
 
 
(c) (d) 
 
Fig. 2.10. (a) LPG based SPR sensor [41] and (b) it corresponding SPR spectrum [55], (c) 
Tilted FBG based SPR sensor and (d) its corresponding SPR spectrum [43]. 
 
2.2.6 Applications of SPR sensors 
 
SPR sensors can be used for measuring physical quantities such as humidity [56] and 
temperature [57]. They also can be used as chemical sensors for either measuring the 
concentration of the analyte [58] or detecting the presence of target chemicals [59]. 
However, the major area where SPR sensors have been widely applied is biosensing 
applications. Rapid, sensitive, real-time and label-free detection, all of these desired 
characteristics make SPR biosensors an advanced and powerful tool for characterising and 
quantifying biological species. SPR biosensors have been applied in a number of important 
fields including biomedical analysis, food quality and safety, and environmental monitoring. 
28 
 
Chapter 2 
Therefore, in this section, we focus on reviewing some specific applications of SPR 
biosensors that have been reported. 
 
2.2.6.1 Application in medical diagnostics 
 
SPR biosensors, especially some commercial SPR biosensors, have been applied in medical 
diagnostics for detecting and analysing analytes of biomedical interest, such as biomarkers, 
antibodies, drugs and hormones.  
 
Besselink et al. reported the detection of prostate-specific antigen (PSA), a biomarker for 
prostate cancer, in PBS buffer using the commercial SPR sensor Ibis II [60]. In their work, 
the monoclonal anti-PSA antibodies were first immobilized on the sensing surface via amine 
coupling to functionalize the sensor. Subsequently, the sample containing PSA was 
incubated on the sensing surface, which resulted in the specific binding between PSA and 
anti-PSA antibodies. To amplify the sensor response, rabbit anti-PSA polyclonal antibodies 
were further added to the sensing surface to bind the immobilized PSA, followed by the 
addition of goat anti-rabbit IgG-coated colloidal gold onto the sensing surface. The LOD of 
the SPR sensor after the amplification was found to be as low as 0.15 ng/mL. In a similar 
study, Huang et al. reported the detection of PSA using the commercial SPR sensor Biacore 
2000 [61]. A direct detection format was first applied in their work by covalently 
immobilizing the PSA-receptor molecules consisting of a single-domain antigen-binding 
fragment on the sensing surface. The PSA molecules were then directly captured by the 
PSA-receptors and the LOD for PSA as low as 10 ng/mL was reported. The LOD was then 
further improved by applying a sandwiched assay using a biotinylated secondary antibody 
and streptavidin modified gold nanoparticles to bind the PSA previously captured by the 
PSA-receptors in order to amplify the sensor response. By this way, the improved LOD for 
PSA was found to be below 1 ng/mL. Chung et al. demonstrated the detection of antibodies 
against human hepatitis B virus (hHBV) in 5 % serum in PBS using the commercial SPR 
sensor Spreeta [62]. The hHBV antigens used as receptors were immobilized on the sensing 
surface via amine coupling chemistry. The LOD for antibodies against hHBV based on 
direct detection was about 9.2 nM. The sensor response was further enhanced by using a 
peroxidase-antiperoxidase method that 17-fold amplification was achieved and the LOD was 
reduced to be 0.64 nM. The detection of antibodies against human respiratory syncytial virus 
(RSV) in sera using commercial SPR sensor Biacore 2000 was reported by McGill et al. 
[63]. Monoclonal antibodies against the virus glycoproteins (F- and G-glycoproteins) were 
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covalently attached to the dextran matrix immobilized on sensing surface. The F- and G-
glycoproteins, working as the receptors, were then bound to their corresponding antibodies 
respectively. Serum samples isolated from patients’ respiratory tracts were diluted in HBS 
buffer (1:10) and filtered. The results showed that the SPR biosensor has the ability to 
recognize the antigenic differences between the two different genotypes of the virus. Dillon 
et al. reported the application of SPR biosensor for detecting morphine-3-glucuronide 
(M3G), the main metabolite of heroin and morphine [64]. The detection was based on the 
inhibition immunoassay and carried out by using the commercial SPR sensor Biacore 1000. 
A conjugate consisting of M3G and ovalbumin was produced and used for the generation 
and immobilization of antibodies against M3G. Two different polyclonal antibodies were 
generated and immobilized on the sensor. The binding-regeneration ability of the biosensor 
was about 60 cycles for one antibody and 50 cycles for second antibody. The detection of 
M3G was carried out in urine and the LOD for M3G was found to be less than 1 ng/mL for 
both antibodies. Chung et al. demonstrated the detection of pregnancyshuman chorionic 
gonadotropin (hCG) and human albumin (hA), both of which are related to the abortion and 
preterm delivery during early pregnancy, using commercial SPR sensor Spreeta [65]. Two 
types of antibodies against hCG and hA respectively were immobilized on the sensing 
surface as the receptors. A sequential analysis method was applied and the detection of hCG 
and hA was carried out in healthy human urine. In order to amplify the sensor response, 
another polyclonal anti-hCG and anti-hA antibodies were used after the capture of hCG and 
hA. The LODs for hCG and hA of 10-fold diluted samples were 46.4 mIU/ml and 2.5 µg/ml, 
respectively. 
 
2.2.6.2 Application to enhance food quality and safety 
 
The food quality and safety are vitally important to human being, as they are directly related 
to our health. Thus rapid, precise and reliable food analysis during every stage of food 
production is important and necessary to guarantee the quality and safety of food products. 
SPR biosensing technology has been considered as one of the techniques that can meet this 
requirement. More and more researches have begun to apply SPR biosensing technology to 
detect the target analytes which affect the food quality and safety. 
 
Yu et al. reported the detection of domoic acid (DA), a neuroexcitatory toxin from marine 
diatoms and found in sea products, using SPR biosensor [66]. As DA has low molecular 
weight, the inhibition immunoassay was applied to amplify the sensor response in their 
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work. The detection of DA was based on a competitive principle. The DA molecules were 
first immobilized on the sensing surface via amine coupling chemistry. Anti-DA antibody 
solution with a fixed concentration was premixed with target DA solution with various 
concentrations. The mixed solution was then flowed in to the SPR cell and the unbound 
antibodies were captured by the DA molecules immobilized on the sensor surface. The SPR 
response decreased with the increase of target DA concentration. It was found that the LOD 
for DA was as low as 0.1 ng/mL. Tudos et al. demonstrated the application of SPR biosensor 
for detection of deoxynivalenol, a highly toxic fungal metabolite that may contaminate food 
and animal feed, based on a commercial SPR senor Biacore-Q [67]. The assay used in this 
work was also based on a competitive protocol. A conjugate of deoxynivalenol with the 
protein casein was first prepared and immobilized on the sensor surface via amine coupling 
chemistry. A monoclonal mouse anti-deoxynivalenol antibody solution with a certain 
concentration was mixed with the target deoxynivalenol solution. The mixed solution was 
then injected into the sensor system to start the binding competition for antibodies between 
the immobilized deoxynivalenol and free deoxynivalenol in the solution. The results showed 
the sensor could be regenerated for 500 cycles and LOD for deoxynivalenol was about 2.5 
ng/mL. Folic acid is a widely used nutrient in infant formulae, athletic supplements and fruit 
drinks. Caselunghe et al. reported the detection of folic acid in food samples using a 
commercial SPR sensor Biacore Quant [68]. The detection was based on the inhibition 
immunoassay similar to the ones introduced above. Folic acid was first immobilized on the 
sensor surface, and the anti-folic acid antibodies solution with a fixed concentration was 
mixed with analyte samples with different concentrations. The folic acid immobilized on the 
sensor surface only captured the antibodies without binding to the free folic acid. The results 
showed that the method was of high accuracy and precision [68]. The detection of riboflavin 
(Vitamin B2) in milk samples was reported by Caelen et al. using the commercial SPR 
sensor system Biacore Q and inhibition immunoassay [69]. A riboflavin derivative was 
immobilized on the sensor surface via amine coupling chemistry. The riboflavin binding 
protein with a certain concentration was mixed with a sample containing riboflavin. The 
unbound riboflavin binding protein was measured by the SPR biosensor. The LOD for 
riboflavin was found to be 70 ng/mL. SPR sensor has also been used for the detection of 
food allergens. Mohammed et al. demonstrated the direct detection of peanut allergens using 
a miniature commercial SPR sensor Spreeta [70]. The peanut specific antibodies were 
immobilized on the sensor surface for capturing the peanut allergens. The LOD for the 
peanut allergen in buffer was established at 700 ng/mL. 
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2.2.6.3 Application in environmental monitoring 
 
The development of modern technology greatly improved the quality of our lives, but 
meanwhile, as a trade-off it not only consumed the resources but also brought us some 
unwanted “by-products” which have negative impact on the environment. A great variety of 
toxic chemicals have been released from industrial pollution, domestic wastages, use of 
drugs and pesticides. In addition, military activities, terrorist attacks and biological weapons 
also caused the toxic pollution. Therefore, the development of biosensors for environmental 
monitoring is of significant importance. Many SPR based biosensors have been used for 
detecting a number of toxic chemicals. 
 
Farre et al. reported the detection of atrazine in water using a portable SPR biosensor [71]. 
The detection was based on the inhibition immunoassay. An atrazine derivative was 
covalently immobilized on the alkanethiolate self-assembled monolayer (SAM) formed on 
the gold-coated sensor surface. The purified polyclonal antibodies were incubated sample 
containing analytes, and then the mixture was analyzed by the SPR sensor. A complete 
assay/regeneration was accomplished in 25 min. The LOD for atrazine was as low as 20 
pg/mL. Miura et al. applied SPR technology to the detection of benzo[a]pyrene (BaP), which 
is a carcinogenic endocrine disrupting chemical and is a potential marker of environmental 
pollution [72]. An indirect inhibition assay was applied and BaP-BSA conjugate was 
synthesized and covalently immobilized on the sensor surface by physical adsorption. The 
anti-BaP-BSA antibody with a certain concentration was mixed with BaP solution, and the 
mixture was measured by the SPR sensor. The sensor chip was able to be reusable for more 
than 20 times and the LOD for BaP was determined as low as 10 ppt with a response time of 
approximately 15 min. Soh et al. developed a SPR biosensor for the detection of 2,4-
dichlorophenol, a known dioxin precursor, using an indirect competitive immunoassay [73]. 
The SPR sensor was functionalized with monoclonal anti-(2,4-dichlorophenol) antibodies 
which was immobilized on the sensor surface via gold binding peptide and protein G. In 
order to improve the sensor response, 2,4-dichlorophenol-BSA conjugate was synthesized 
and mixed with analyte samples. The detection of 2,4-dichlorophenol was based on the 
competition between the analyte present in sample and the added 2,4-dichlorophenol-BSA 
conjugate. The LOD for 2,4-dichlorophenol was found to be 20 ng/mL. The detection of 
explosives and explosive related materials for preventing terrorist activities has received a 
great number of attentions. 2,4,6-trinitrotoluene (TNT) is one of the explosive molecules 
commonly existing in explosive weapons. Larsson et al. demonstrated the detection of TNT 
using a commercial SPR sensor Biacore 2000 and inhabitation immunoassay [74]. Two types 
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of thiols, OEG-alkylthiols terminated with a hydroxyl group and a TNT analogue (2,4-
dinitrobenzene), were self-assembled on the gold-coated sensor surface. Three different TNT 
analogues and hydroxyl-terminated OEGthiols were mixed and the ratio was optimized to 
provide highly selective and sensitive biochips with minimum nonspecific binding. The 
LOD for TNT in buffer was found to be <10 pg/mL. Application of SPR technology for 
detecting heavy metal Cu2+ ion was reported by Ock et al. [75]. A thin polymer film 
containing squarylium dye (SQ-dye) was immobilized on the sensor surface as the sensing 
layer. The SQ-dye has a high selectivity to Cu2+ and the presence of Cu2+ was detected by the 
electro-static interaction between Cu2+ ion and SQ-dye, which resulted in the change of 
refractive index at the SPR sensor surface. The dynamic detection range of this sensor for 
detecting Cu2+ ion was from 1 × 10-12 to 1 × 10-4 M.  
 
2.3 Background and development of LSPR sensor 
2.3.1 Introduction to LSPR  
 
The physical properties of noble metal change enormously from what we are usually familiar 
with to the size of the metals in the nanoscale, smaller than the wavelength of light [76, 77]. 
The colour of gold in nano world is no longer just golden. It can be as colourful as a 
rainbow. Such an example can be found in Fig. 2.11, where gold nanorods (GNRs) with 
various aspect ratios suspending in solutions display a range of different colours. The SPR 
phenomenon introduced in section 2.2 was also changed from surface plasmon resonance 
(SPR) to localized surface plasmon resonance (LSPR) when the bulk metal film was 
replaced by metallic nanoparticles (MNPs) to excite SPR. LSPR refers to the SPR 
phenomenon happened when light interacts with  the MNPs, which results in a collective 
oscillation of conduction electrons of the MNPs at a resonant frequency [77]. The properties 
of LSPR are highly dependent on the MNPs’ material, size and shape. Different from SPR 
that EW is the key to the success of the SPR excitation, LSPR can be excited when light 
interacts directly with the MNPs [78]. This gives great flexibility to the construction and 
fabrication of LSPR based sensors. For instance, the substrate of LSPR sensor platform can 
be either a prism or a piece of glass slide [79]; LSPR sensor can be based on either the MNPs 
immobilized on the substrate, or the metallic nanoparticle just suspending in solution [80]. In 
addition, as LSPR is highly localized in the each individual metallic nanoparticle, LSPR 
sensors can also be based on a bunch of nanoparticles or even single nanoparticles [81]. 
Because the properties of LSPR are highly dependent on the material, size and shape of the 
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MNPs, by manipulating these parameters, the LSPR wavelength can be conveniently tuned 
throughout the visible, near-infrared, and into the infrared region, thus the LSPR sensor 
could be constructed for particular applications where a specific wavelength is desired. 
Compared to SPR sensors, the sensors based on LSPR technology have also demonstrated a 
comparable sensitivity in biosensing applications as well as more flexibility and lower cost 
in terms of fabrication.  
 
 
 
 
Fig. 2.11. GNRs solutions with different aspect ratios. 
 
The advances in the fabrication of MNPs have led to a remarkable growth in the 
development of LSPR sensors in the past decade. At the early stage, most of the LSPR 
sensors were based on spherical gold nanoparticles due to their ease of synthesis. By now, 
quite a few of LSPR sensors based on noble nanoparticles with various shapes have been 
developed and have shown higher sensitivities and other advantages in comparison with gold 
nanospheres (GNSs) based LSPR sensors. Among these MNPs, GNRs have attracted a great 
deal of attentions due to their unique optical properties [82, 83]. More and more GNRs based 
LSPR sensors have been reported recently. Apart from the LSPR sensing applications, GNRs 
have also been applied in SERS sensing [84], chemical imaging [85] and even cancer 
therapy [86]. In this section, a review of the development of LSPR sensors, especially LSPR 
sensors based on GNRs, is given. 
 
2.3.2 LSPR theory 
 
MNPs have intriguing optical properties which are significantly different from those 
observed in bulk metal. When incident light interacts with MNPs, the electromagnetic field 
Aspect ratio 
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of light induces a collective coherent oscillation of the surface conduction electrons of the 
MNPs in resonance with the frequency of light, and this phenomenon is known as LSPR [77, 
78]. The electric field of light attracts the free electrons in nanoparticle leading to a charge 
separation between the free electrons and the ionic metal core, and in turn the Coulomb 
repulsion among the free electrons acting as a restoring force pushes the free electrons 
moving to the opposite direction, which results in the collective oscillation of electrons, or in 
another word, the excitation of LSPR. The occurrence of LSPR also results in a strong 
absorption of light. MNPs with different size, shape and material have different absorption 
bands and appear in different colours as shown in Fig. 2.11. Fig. 2.12 (a) illustrates the 
excitation of LSPR for a spherical nanoparticle. Only one absorption band can be observed 
in its absorbance spectrum as shown in Fig. 2.12 (b). For GNR, as demonstrated in Fig. 2.13 
(b), two absorption bands can be found, namely longitudinal plasmon band and transverse 
plasmon band corresponding to the electron oscillation along the long axis and the short axis 
of GNR, respectively, as shown in Fig. 2.13 (a). The transverse plasmon band of GNRs is 
insensitive to the size of GNRs and the surrounding refractive index change, while the 
longitudinal plasmon band has been found to be red-shifted with the increase of aspect ratio 
and much more sensitive to the refractive index change than the transverse plasmon band 
[83, 87]. The LSPR condition is highly dependent on the nanoparticle size, shape, structure, 
the dielectric properties of the metal as well as the surrounding medium, as these factors 
affect the electron charge density on the particle surface [83, 88-90]. LSPR is also highly 
sensitive to the refractive index change in the local dielectric environment. Normally, the 
change of the peak wavelength or the peak absorbance in the absorption spectrum of MNPs 
is employed as an indicator of the LSPR sensor response [91, 92]. 
 
As demonstrated in Fig. 2.12 and Fig. 2.13, the excitation of LSPR results in a strong 
absorption of light. For spherical MNPs, the Mie solution to Maxwell’s equations can be 
used to describe this light absorption caused by LSPR [93, 94]. According to the Mie theory, 
for the well separated spherical nanoparticles with radius R, which is much smaller than the 
wavelength of light λ (R/ λ < 0.1), the extinction cross-section Cext, can be expressed as: 
 
 𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 = 24𝜋𝜋2𝑅𝑅3𝜀𝜀𝑚𝑚3 2� 𝑁𝑁𝜆𝜆 ln(10) 𝜀𝜀𝑖𝑖(𝜀𝜀𝑟𝑟 + 2𝜀𝜀𝑚𝑚)2 + 𝜀𝜀𝑖𝑖2  (2.7) 
 
where 𝜀𝜀𝑚𝑚  is the dielectric constant of the surrounding medium, 𝜀𝜀𝑟𝑟  and 𝜀𝜀𝑖𝑖  are the real and 
imaginary part of the dielectric function of the MNPs, respectively, and N is the electron 
density. As indicated by Equation 2.6, the plasmon absorption band appears when 𝜀𝜀𝑟𝑟 =
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−2𝜀𝜀𝑚𝑚 . For gold and silver spherical nanoparticles, their plasmon absorption bands are 
located in the visible region, making these materials suitable for many applications. 
 
 
 
 
(a) (b) 
 
Fig. 2.12. (a) Schematic illustration of LSPR excitation for GNSs; (b) A typical LSPR 
absorption band of GNSs.  
 
 
 
 
(a) (b) 
 
Fig. 2.13. (a) Schematic illustration of LSPR excitation for GNRs; (b) LSPR absorption 
bands of GNRs: longitudinal and transverse plasmon bands corresponding to the electron 
oscillation along the long axis (Fig. 2.13 (a) top) and the short axis (Fig. 2.13 (a) below) of 
GNR respectively. 
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In the case of metallic nanorods, Gans predicted that for small ellipsoidal nanoparticles with 
dipole approximation, the surface plasmon mode would split into two distinct modes due to 
the surface curvature and geometry of the ellipsoidal nanoparticles [95]. The small rods have 
been commonly treated as ellipsoids when explaining the optical properties of these rod-
shape particles [96, 97]. Therefore, Gans theory can be applied to describe the optical 
behaviour of metallic nanorods. According to Gans formula, the extinction cross-section Cext 
for metallic nanorods can be calculated as follows [93, 98, 99]: 
 
 𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 = 2𝜋𝜋𝜋𝜋𝜀𝜀𝑚𝑚3 2�3𝜆𝜆 � �1 𝑃𝑃𝑗𝑗2⁄ �𝜀𝜀𝑖𝑖
�𝜀𝜀𝑟𝑟 + 1 − 𝑃𝑃𝑗𝑗𝑃𝑃𝑗𝑗 𝜀𝜀𝑚𝑚�2 + 𝜀𝜀𝑖𝑖2𝑗𝑗  (2.8) 
 
where V is volume of the particle and Pj is the depolarization factor. The depolarization 
factor for elongated particles is described as: 
 
 𝑃𝑃𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑒𝑒ℎ = 1 − 𝑒𝑒2𝑒𝑒2 � 12𝑒𝑒 ln �1 + 𝑒𝑒1 − 𝑒𝑒� − 1� (2.9) 
 
 𝑃𝑃𝑤𝑤𝑖𝑖𝑑𝑑𝑒𝑒ℎ = 1 − 𝑃𝑃𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑒𝑒ℎ2  (2.10) 
 
where e is ellipticity given by: 
 
 𝑒𝑒2 = 1 − �𝑙𝑙𝑒𝑒𝑛𝑛𝑙𝑙𝑙𝑙ℎ
𝑤𝑤𝑤𝑤𝑤𝑤𝑙𝑙ℎ
�
−2
 (2.11) 
 
where length/width is the aspect ratio of rod. The LSPR occurs when 
𝜀𝜀𝑟𝑟 = −��1 − 𝑃𝑃𝑗𝑗� 𝑃𝑃𝑗𝑗� �𝜀𝜀𝑚𝑚 , where𝑃𝑃𝑗𝑗 = 𝑃𝑃𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑒𝑒ℎ  for the longitudinal plasmon resonance and  
𝑃𝑃𝑗𝑗 = 𝑃𝑃𝑤𝑤𝑖𝑖𝑑𝑑𝑒𝑒ℎ for the transverse plasmon resonance. Equation 2.7 also indicates that a small 
change in aspect ratio of nanorod will result in a significant change in plasmon band. 
 
In addition, the LSPR wavelength is sensitive to the refractive index change. Thus, changes 
in the local medium surrounding the nanoparticles will result in a shift in the LSPR 
wavelength. This LSPR wavelength shift Δλ in response to refractive index change is 
described by the following relationship [77, 100, 101]: 
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 ∆λ = 𝑚𝑚∆𝑛𝑛 �1 − 𝑒𝑒𝑒𝑒𝑒𝑒�−2𝑤𝑤
𝑙𝑙𝑑𝑑
�� (2.12) 
 
where m is the bulk refractive index response of the nanoparticles, also known as the 
sensitivity factor (in nm per refractive index unit, RIU), Δn is the change in refractive index 
(in RIU), d is the effective thickness of the adsorbed layer (in nm) and ld is the characteristic 
electromagnetic field decay length (in nm). The expression given in Equation 2.11 forms the 
basis of the LSPR wavelength-shift based sensors, where the LSPR wavelength-shift is used 
to monitor the refractive index change at the surface of nanoparticle due to the adherence of 
biomolecule for instance.  
 
2.3.3 Synthesis of gold nanorods (GNRs) 
 
For SPR sensors, the thin metal film deposited on the substrate can be acquired by using a 
coating machine like sputter coater or evaporator. However, the same approach cannot be 
applied to the acquirement of MNPs for LSPR sensors. Several methods have been 
employed for synthesizing MNPs with various shapes and the commonly used approaches 
for the synthesis of GNRs are discussed in detail in this section. 
 
2.3.3.1 Seed-mediated growth method 
 
The seed-mediated growth method is the most popular method for the synthesis of colloidal 
GNRs due to its simple experimental procedure, high quality and yield of nanorods, ease of 
particle size controlling, and flexibility in structural modifications [82]. The history of seed-
mediated growth of colloidal particles can date back to 1920s. But the application of this 
method for synthesizing colloidal GNRs was first demonstrated by Jana et al. in 2001 [102]. 
In their work, the seed solution was prepared by the reduction of gold salt (HAuCl4) with 
NaBH4 in the presence of sodium citrate, which resulted in the formation of citrate-capped 
GNSs with a diameter about 3~4 nm used as the seed. Then the seed solution was added into 
a growth solution containing HAuCl4, cetyl-trimethyl ammonium bromide (CTAB, as the 
template), ascorbic acid (as the reducing agent) and AgNO3 (for shape induction) to allow the 
growth of GNRs. The GNRs with various aspect ratios ranging from 1 to 7 were acquired by 
adding different volumes of seed solution into the growth solution of different samples as 
shown in Fig. 2.14. Later, the same group modified the above method by introducing a three-
step protocol in the absence of silver ions to grow GNRs with higher aspect ratio [103]. In 
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this method, the seed solution and the growth solution are prepared following a similar 
procedure for preparing the short GNRs but without the addition of AgNO3. Then, at step 
one, the seed solution is added into the growth solution to form small GNRs, which are 
subsequently used as the seeds and added into growth solution to grow bigger GNRs at step 
two. The final step is adding the bigger GNRs into growth solution to grow GNRs with 
higher aspect ratio. However, the biggest drawback of these two methods is that, apart from 
the GNRs, a large amount of GNSs as well as particles with other shapes as the by-products 
are also produced, which alters significantly the overall shape of the plasmon absorption 
bands of the GNRs. 
 
 
 
Fig. 2.14 GNRs with different aspect ratios were synthesized by the seed-mediated growth 
method. Top left, photograph of seed solution (vial 0) and GNRs solutions with increasing 
aspect ratio (vial 1-5) from 1 to 7; top right, absorbance spectra of GNRs in vial 1-5 and the 
corresponding TEM images (bottom) [85]. 
 
In 2003, Nikoobakht and El-Sayed made a significant improvement to the above method by 
introducing two important modifications to it: first, they replaced the originally used sodium 
citrate with CTAB, a stronger stabilizer, in the seed formation step; second, they adjusted the 
amount of silver ions in the growth solution to control the aspect ratio of GNRs [104]. In 
their work, the seed solution was prepared by reducing HAuCl4 in the presence of CTAB 
surfactant with ice-cold NaBH4. The growth solution was prepared by mixing HAuCl4 and a 
certain volume of AgNO3 solution in the presence of CTAB, followed by the addition of 
ascorbic acid. The GNRs start to grow directly after the addition of seed solution in the 
growth solution. Using this method, as high as 99% yield of GNRs with aspect ratios from 
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1.5 to 4.7 was achieved. To synthesize GNRs with higher aspect ratios, 
benzyldimethylhexadecylammonium chloride (BDAC) as a co-surfactant was introduced in 
the original growth solution. By adjusting the concentration of silver ions in the growth 
solution, GNRs with aspect ratios up to 10 had been synthesized [104]. Due to the high 
quality and yield of GNRs produced, the method reported by Nikoobakht and El-Sayed has 
been widely applied for synthesizing GNRs. However, the growth mechanism of GNRs 
produced by the seed-mediated method has still not been well understood so far. 
 
2.3.3.2 Electrochemical method 
 
 
                                         
 
(a) (b) 
 
Fig. 2.15. (a) Schematic diagram of the set-up for electrochemical synthesis of GNRs 
containing: VA, power supply; G, glassware electrochemical cell; T, Teflon spacer and the 
electrode holder; S, electrolytic solution; U, ultrasonic cleaner; A, anode (Au); C, cathode 
(Pt). (b) TEM images of Au nanorods with two different mean aspect ratios: 2.7 (top) and 6.1 
(bottom) [106]. 
 
Despite the fact that the seed-mediated growth method has become a common approach for 
synthesizing GNRs, the preparation of high yield of GNRs was actually first demonstrated 
by using an electrochemical method, which was seen as the precursor of the seed-mediated 
growth method [105, 106]. In 1990s, Wang and co-workers first reported the formation of 
GNRs by extending their previous work on electrochemical synthesis of metal clusters in the 
reversed micelles in organic solvent. The synthesis of GNRs is conducted within a two-
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electrode-type electrochemical cell as shown in Fig. 2.15 (a), where a gold metal plate used 
as the sacrificial anode and a platinum plate cathode are immersed into the electrolytic 
solution containing a rod-inducting cationic surfactant CTAB and a cationic co-surfactant 
Tetradodecylammonium bromide (TCAB). A small amount of acetone and cyclohexane are 
also added into the electrolytic solution before the electrolysis. Acetone is used for loosening 
the micellar framework and cyclohexane is necessary for enhancing the formation of 
elongated rod-like CTAB micelles [106]. During the electrolysis, the bulk gold metal anode 
is consumed to form AuBr4— , which then complexes with the cationic surfactants and 
migrate to the cathode where the reduction occurs. Ultrasonication is needed to dissipate the 
GNRs away from the cathode during the electrolysis. The aspect ratio of GNRs is controlled 
by gradually immersing a silver plate behind the platinum cathode. It has been found that the 
aspect ratio of the GNRs is influenced by the concentration and release rate of the silver ions 
produced from the redox reaction between the gold ions generated from the anode and the 
silver plate. However, the synthesis mechanism as well as the role of the silver ions is still 
unknown.  
 
2.3.3.3 Template method 
 
                   
 
(a)                                                                       (b) 
 
Fig. 2.16. (a) FEG-SEM image of the alumina membrane template, (b) TEM images of 
GNRs obtained by the template method [111]. 
 
The template method is based on the electrochemical deposition of gold within the pores of 
nanoporous ion-track etched polycarbonate or alumina membrane template. This method was 
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initially used for the preparation of microscopic electrodes [107]. Martin and co-workers first 
employed the template method to synthesize GNRs [96, 108, 109].  The template was 
prepared by the anodization of aluminium in an acidic solution, which resulted in the 
formation of the uniform pores with diameters of 5-200 nm in the aluminium template. The 
pole length is dependent on the anodiazation time. The GNRs was formed through an 
electrochemical deposition of gold into the temple pores within an electrochemical cell, 
followed by the chemical etching of the aluminium template to release the synthesized 
GNRs. Fig. 2.16 (a) and (b) shows the alumina membrane template and the synthesized 
GNRs with different aspect ratios, respectively. The width of the rods created coincides with 
the diameter of the pores and the length of the rods can be controlled by varying the amount 
of the gold deposited within the pores of the template. The disadvantages of the template 
method include variance in length of GNRs due to the uneven deposition of gold and the low 
yield of GNRs [83, 110]. 
 
2.3.3.4 Electron beam lithography method 
 
    
 
                                      (a)                                                                         (b)                                             
 
Fig. 2.17. (a) Schematic diagram of the fabrication of gold nanoparticles using EBL [93], (b) 
SEM images of GNRs arrays produced by EBL. All of the rods have widths, I, of 60 nm, 
heights of 50 nm, and lengths, L, of A) 420 nm, B) 620 nm, C) 720 nm, and D) 1 µm [113]. 
 
Electron beam lithography (EBL) is a lithographic technique commonly used in the 
generation of metallic nanostructures. This technique allows for the precise control of size, 
shape and spatial distribution of nanoparticles [112]. Fig. 2.17 (a) illustrates the procedure of 
the fabrication of gold nanoparticles using EBL method. An electron-sensitive photoresist 
such as poly(methyl methacrylate), PMMA, is coated over a glass slide which is covered by 
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a conductive film such as indium tin oxide (ITO). The PMMA coated glass slide is then 
exposed to an electron beam to form a desired pattern on the PMMA film. A chemical 
developing agent is applied to selectively remove the electron beam exposed polymer 
segment, followed by the deposition of gold in the patterns by thermal evaporation. The 
unexposed PMMA film as well as the gold film deposited on it is finally removed by acetone 
that leaves the desired gold nanoparticle arrays on the glass slide as shown in Fig. 2.17 (b). 
Disadvantages of this technique involve time consuming and low yield of nanoparticles at 
one time due to the small producing region [93]. 
 
2.3.3.5 Other methods 
 
 
 
Fig. 2.18.  Schematic diagram of the process of direct growth of GNRs on the substrate 
surface [121]. 
 
Yang and co-workers reported the synthesis of colloidal GNRs using a photochemical 
method [114]. In their work, the GNRs were formed by using a 254 nm UV light to irradiate 
a growth solution consisting of gold salt, CTAB and TCAB surfactants, silver nitrate, 
acetone and hexane, for more than 24 hours. The UV light works as a reducing agent, similar 
to the role of ascorbic acid in the seed-mediated growth method, to convert Au3+ to Au0. The 
aspect ratio of the GNRs can be controlled by varying the concentration of silver ions in the 
growth solution, leading to the corresponding LSPR plasmon bands located at 600-800 nm. 
It is possible to extend the aspect ratio of GNRs by applying a 300 nm UV light instead, and 
synthesizing time can be shortened by increasing the light intensity [115]. Taub et al. 
developed a method that enables the GNRs to directly grow on the substrates [116], by 
adapting the seed-mediated growth method proposed by Jana and co-workers [103]. As 
demonstrated in Fig. 2.18, the spherical seed nanoparticles are first immobilized on the 
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surface of a mica, which is then immersed into the growth solution to allow the growth of 
GNRs. However, only 15 % of the seeds attached to the mica surface were found to grow as 
nanorods [116]. In addition, other less popular methods for the GNRs preparation have also 
been reported, such as proton beam irradiation [117], bioreduction [118], microwave 
reduction [119] and solvothermal reduction [120].  
 
2.3.4 Surface modification of the CTAB-capped GNRs 
 
For GNRs synthesized in the presence of CTAB surfactant using the wet-chemical methods, 
such as the seed-mediated growth method and electrochemical method, the surface of these 
GNRs is covered by a bilayer of positively charged CTAB molecules, as illustrated in Fig. 
2.19. The CTAB surfactant is important to the synthesis of GNRs, because it not only works 
as a “structure-directing agent” to control the final particle shape, but also works as a 
stabilizer to protect the as-synthesized GNRs against aggregation [121, 122].  The CTAB-
capped GNRs are stable when they are suspended in CTAB aqueous solution. However, the 
stability has been found to become poor under many conditions such as those with  high salt 
content, low CTAB concentration and addition of organic solvents, thus limiting the further 
applications of GNRs [123, 124]. In addition, it also has been found in in vitro studies that 
the free CTAB molecules are cytotoxic to human cells, while the CTAB molecules bound to 
the GNRs surface are not toxic [125]. Despite the fact that most of the free CTAB can be 
removed by centrifugation, the complete removal of the free CTAB in solution as well as the 
CTAB attached to the GNRs will result in a serious aggregation and deposition of GNRs. 
Therefore, it is necessary to modify the surface condition of CTAB-capped GNRs in order to 
extend their applications, for example, for biosensing, biomedical imaging and drug delivery 
[82, 86]. Various approaches have been proposed for the surface modification of CTAB-
capped GNRs. In general, there are two strategies applied for this purpose: surface covering 
and ligand exchange.  
                         
 
Fig. 2.19. A gold nanorod covered by a bilayer of positively charged CTAB molecules. 
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2.3.4.1 Surface covering 
 
This approach aims to introduce additional coating to cover the entire surface of the CTAB-
capped GNRs. An easy way of doing this is to coat the positively charged surface of the 
GNRs covered by CTAB molecules with the anionic polyelectrolytes via electrostatic 
absorption. Poly(sodium-4-styrenesulfonate) (PSS) has been applied to coat the GNRs. The 
anionic PSS not only switches the positive surface charge of GNRs to negative, but also 
enables antibodies to attach to the GNRs via hydrophobic interactions [86, 126]. Poly(acrylic 
acid) (PAA) is another anionic polyelectrolyte applied for the GNRs coating. The carboxylic 
group of PAA allows the proteins and amine-terminated biomolecules to be covalently 
bound to the PAA modified GNRs via EDC/NHS coupling reaction [127]. In addition, Gole 
and Murphy reported a layer-by-layer (LBL) technique which can be used to manipulate the 
surface condition of GNRs for different applications [128]. As shown in Fig. 2.20 (a), the 
anionic PSS and cationic poly(diallyldimethylammonium chloride) (PDADMAC) are 
alternately deposited onto the CTAB-capped GNRs, and multiplayers of coating can be 
obtained by repeating the cycle. This polyelectrolyte coating method is easy and fast, but the 
stability of the coating via electrostatic interaction is doubtful for long-term storage or for in 
vivo applications [82].  
 
                  
 
(a)                                                                        (b) 
 
Fig. 2.20. (a) Surface modification of CTAB-capped GNRs with polyelectrolytes using LBL 
technique [128], (b) Top: Scheme showing the steps required for silica coating of GNRs; 
Bottom: TEM images of silica coated GNRs with different aspect ratios (a: 1.94; b: 3.08) 
[99]. 
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Surface modification of GNRs with a coating of hard inorganic materials, such as silver and 
silica, has also been achieved. Ah et al. reported the deposition of silver layer on to the 
surface of CTAB-capped GNRs by reducing silver chloride solution with hydroxylamine in 
the presence of GNRs [129]. The deposition of silver coating forms an Au/Ag core/shell 
structure of GNRs, and the thickness of the silver shell can be controlled by adjusting the 
concentrations of silver chloride and hydroxylamine. The silver shell can also be removed by 
using hydrochloric acid to restore the GNRs. Later, Liu and Guyot-Sionnest proposed a 
slightly different method for coating CTAB-capped GNRs with silver [130]. In their work, 
the deposition of silver coating was conducted by the reduction of silver nitrate with ascorbic 
acid in the presence of GNRs solution and stabilizing agent, either citrate or 
polyvinylpyrrolindone (PVP). It was also found that the pH of the coating solution has an 
impact on the deposition rate of silver that the higher the pH the higher the deposition rate 
[131]. The Au/Ag core/shell nanorods are more stable and show sharper, stronger and blue-
shifted surface plasmon absorption bands than the original GNRs [129, 130].  
 
Similar to the silver coating, a method,  initially developed by Liz-Marzán et al. for the silica 
coating of citrate stabilized spherical gold nanoparticles [132], has been applied for the 
deposition of a silica coating onto the surface of CTAB-capped GNRs to form an Au/silica 
core/shell structure [133, 134]. As demonstrated in Fig. 2.20 (b), the silica coating is formed 
by simply adding sodium silicate solution into a premixed solution consisting of GNRs 
solution and 3-mercaptopropyl trimethoxysilane (MPTMS) or 3-mercaptopropyl 
triethoxysilane (MPTES) solution, and the formation of the silica shell results in a red-shift 
of the longitudinal plamson band of the GNRs due to the refractive index change at GNRs 
surface. Using another approach, the silica has also been successfully coated on the GNRs by 
the injection of tetraethoxysilane (TEOS) to the CTAB-capped GNRs solution in basic 
condition, which enables thin and highly porous silica shells covering the GNRs [135]. The 
silica coating allows the GNRs to be modified with silane coupling agents for further 
functionalization and transfer to organic solvents [82].  
2.3.4.2 Ligand exchange 
 
Another common strategy for the GNRs surface modification is to replace the attached 
CTAB bilayers with the thiol-terminated ligands which are then firmly bound to GNRs 
surface via the strong Au-S covalent bonds as illustrated in Fig. 2.21 (a). The advantages of 
this method include the reduction of the cytotoxicity of GNRs due to the removal of the 
CTAB molecules and the increase of the biocompatibility of GNRs when ligands with 
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functional groups are applied. However, as this method involves the removal of the CTAB 
molecule, the chance of GNRs aggregation will also increase due to the loss of protection of 
CTAB. Therefore, strict experimental conditions are sometimes required to prevent the 
GNRs from aggregating during the modification process. The thiol-terminated 
polyethyleneglycol (PEG) is one of the popular ligands commonly used for the GNRs 
surface modification [136-139]. One advantage of using thiolated PEG is that PEG is a 
water-soluble polymer so that the modification of GNRs can be conducted in an aqueous 
condition. The ligand exchange takes place after the addition of thiolated PEG solution into 
the centrifuged GNRs solution with the mixture being kept under constant stirring, followed 
by 3 days of dialysis or several rounds of centrifugation to remove the excess CTAB and 
PEG. Such PEG-modified GNRs are highly stable in aqueous and even in some organic 
solutions, and are useful in in vivo applications such as biomedical imaging and 
photothermal therapy [83, 140]. In addition, by employing the thiolated PEGs with 
biofunctional groups, it is also able to bind the biomolecules such as proteins and antibodies 
to the PEG-modified GNRs surface [123, 140]. However, the large size of the thiolated 
PEGs makes them difficult to reach the GNRs surface due to the dense CTAB bilayer, which 
will results in an incomplete removal of CTAB molecules. Besides, the large size of the 
thiolated PEGs also increases the distance between the analysts and the PEG-modified GNRs 
surface, which will reduce the sensitivity when they are used as LSPR biosensors [141]. 
Therefore, small thiol-terminated ligands such as 11-mercaptoundecaonic acid (MUA) and 
cysteamine are normally preferable for complete removal of CTAB [82]. 
 
  
(a) (b) 
 
Fig. 2.21. (a) Schematic illustration of the surface modification of CTAB-capped GNRs with 
thiol-terminated ligands, (b) Schematic illustration of surface modification of GNRs using 
thiol place exchange reaction inside ionic exchange polymer beads [143]. 
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The surface modification of GNRs with MUA has been reported in several studies [141-
143]. MUA molecule has a carboxylic group which is desirable for the bioconjugation with 
amine-terminated biomolecules such as proteins and antibodies. Therefore, once the MUA 
molecules are bound to the GNRs surface, without further functionalization, biomolecules 
can be conveniently attached on to the GNRs via EDC/NHS coupling. However, like most 
thiol molecules, MUA is not water-soluble that it only dissolves in organic solvent such as 
ethanol and chloroform. The hydrophobic nature of MUA brings a big challenge to the 
surface modification of GNRs with MUA, because the CTAB-capped GNRs are very 
unstable in the presence of organic solvents, which will cause an irreversible aggregation of 
GNRs. Several approaches have been proposed in order to enable the MUA to be applied in 
the surfaced modification of GNRs. Yu et al. reported a method of complete removal of 
CTAB on GNRs with MUA [141]. The ligand exchange is conducted by adding a MUA-
ethanol solution to a centrifuged GNRs solution under constant sonication to prevent the 
GNRs from aggregating. The temperature of the mixed solution is also elevated to 50 °C to 
release the CTAB molecules from the GNRs surface and then brought back to room 
temperature. The GNRs are finally purified with centrifugation. Although such MUA-
modifed GNRs have been proven by the authors to be able to use as LSPR biosensor probes, 
significant aggregation of the GNRs was observed in our hands as well as by other 
researchers by following the same procedure reported, indicating that this method requires 
strict experimental conditions which makes it difficult for practical use. Thierry and co-
workers later modified this method using a two steps strategy [142]. They first used the 
thiolated PEG to replace the majority of CTAB molecules on the GNRs surface in an 
aqueous condition. The PEG-modified GNRs have a neutral charge on the GNRs surface so 
that they do not aggregate in organic solvents as easily as the positively charged CTAB-
capped GNRs. The second step involves the replacement of PEG with MUA following a 
similar procedure applied in the work of Yu et al. Although this approach may avoid the 
massive aggregation of GNRs as observed in in the work of Yu et al., the thiolated PEG 
molecules are also bound to the GNRs via the strong Au-S bonds as MUA: whether MUA is 
able to effectively replace the PEG is still questionable for this route. In another study 
reported by Dai et al., to prevent the irreversible aggregation of GNRS, the surface 
modification with MUA was conducted inside an ionic exchange resin as shown in Fig. 2.21 
(b) [143]. The CTAB-capped GNRs were first loaded into the polymer resin beads suspend 
in an aqueous solution to “trap” the GNRs in the resin beads. The ligand exchange took place 
after the addition of MUA chloroform solution to the resin beads suspension, and the MUA-
modified GNRs diffused out of beads into the chloroform solution. The resin beads applied 
in this work can effectively prevent the GNRs from aggregating during the reaction. This 
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approach is smart and elegant. However, it also appears to be time consuming and complex 
to operate [142].   
 
2.3.5 LSPR sensors with different configurations 
 
As LSPR can be excited when light directly interacts with GNPs, the design of LSPR sensors 
is more flexible than that of SPR sensors. The LSPR sensors can be configured by either 
immobilizing GNPs onto a transparent substrate such as glass slide, or just simply leaving 
functionalized nanoparticles suspending in the solution in a cuvette, where the detection will 
take place after the addition of analytes. In general, there are three types of LSPR sensor 
configurations which are commonly used: chip-based, optical fibre-based and solution-
phase-based LSPR sensors. 
 
2.3.5.1 Chip-based LSPR sensor 
 
The chip-based configuration is the most commonly used configuration of LSPR sensors [79, 
92, 128, 144-146]. The chip-based LSPR sensor is normally fabricated by immobilizing 
GNPs on the surface of a flat transparent silica substrate such as glass slide and coverslip, 
without the need of bulk prism as used in the SPR sensors. For the GNPs synthesized by 
using the EBL technique or growing directly on the substrate, the sensor chip is simply 
obtained after the synthesis of the nanoparticles. For the nanoparticles suspending in 
solution, such as the GNRs synthesized by using the seed-mediated method, there are mainly 
two methods used for immobilizing GNPs. One method is using the electrostatic force [128]. 
A clean substrate is first immersed into a polyelectrolyte solution to make the substrate 
surface have a charge that is opposite to the surface charge of GNPs. Then, such charged 
substrate is dipped in the GNPs solution to coat the GNPs on its surface via the electrostatic 
force. However, the GNPs coating prepared by the electrostatic force method normally 
suffers from poor stability and poor uniformity. Another more commonly used method is 
based on the SAM technique [79, 144-147]. A clean substrate is first modified by immersing 
the substrate in an alkylsilane solution, such as 3-aminopropyltriethoxysilane (APTES) and 
MPTMS, to form an either amine-terminated or thiol- termined silane SAM on the substrate 
surface. Subsequently, the silanized substrate is incubated in a GNPs solution to form a 
monolayer of GNPs on the substrate surface via either electrostatic force or covalent bond. 
After the immobilization of GNPs, the GNPs surface can be further functionalized with 
various receptors, and then the sensor chip is ready for different applications. The UV-Vis 
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spectrophotometer is normally used for measuring the LSPR absorbance spectrum of GNPs 
based on the transmission mode as illustrated in Fig. 2.22. 
 
 
 
Fig. 2.22. Schematic diagram for instrumentation used in a chip-based LSPR sensor [93]. 
 
2.3.5.2 Optical fibre-based LSPR sensor 
 
In 2003, Cheng and Chau first demonstrated the fabrication and application of an optical 
fibre-based LSPR sensor based on GNSs [148]. The sensor showed high sensitivity to the 
local refractive index change and capability of working as a biochemical sensor. Since then, 
a large number of optical fibre-based LSPR sensors have been developed for various 
applications [29, 91, 149-160]. The majority of the optical fibre-based LSPR sensors 
reported are fabricated by immobilizing GNPs on the unclad silica core of a multimode 
optical fibre with a structure similar to that of the decladed optical fibre-based SPR sensors 
introduced in Section 2.2.5.1. The transmission-based, reflection-based and U-shaped LSPR 
optical fibre sensors are illustrated in Fig. 2.23 (a), (b) and (c) respectively. The GNPs are 
coated onto the optical fibre by using the same coating approaches employed in the 
fabrication of the chip-based LSPR sensor. LSPR is excited at the core-GNPs boundary 
when light is transmitting in optical fibre. In addition, as LSPR can be excited by direct 
interaction of light with GNPs, it is also possible to coat GNPs on the distal end of the 
optical fibre to construct another type of reflection-based sensor probe as demonstrated in 
Fig. 2.23 (d). However, due to the low reflectivity of the GNPs coating, the intensity of the 
reflected light of such sensor may be not as high as that of the LSPR optical fibre sensor with 
a silver mirror coated at the fibre end as illustrated in Figure 2.23 (b). Apart from the 
multimode optical fibre based LSPR sensors, a few LSPR sensors using LPGs and tapered 
single-mode fibres have also been reported [46, 161, 162]. 
 
 
50 
 
Chapter 2 
 
 
 
(a) (b) 
  
 
 
(c) (d) 
 
Fig. 2.23. Schematic illustration of optical fibre-based LSPR sensors with different 
configurations: (a) transmission-based LSPR optical fibre sensor [157], (b) reflection-based 
LSPR optical fibre sensor [150], (c) U-shaped LSPR optical fibre sensor [129], and (d) 
reflection-based LSPR optical fibre sensor with distal end coating [149]. 
 
2.3.5.3 Solution-phase-based LSPR sensor 
 
The solution-phase-based LSPR sensors refer to the LSPR sensors with the GNPs 
suspending in the solution rather than immobilized on the substrates [80, 127, 137, 141, 163-
166]. This sensor allows the surface modification and functionalization of GNPs as well as 
analytes detection to be carried out within the GNPs solution as shown in Fig. 2.24 (a). The 
fabrication of the solution-phase-based LSPR sensor often involves gentle vortexing to fully 
mix the functional molecules and GNPs, and multiple centrifugations to purify the 
functionalized GNPs. The analyte detection is normally conducted in a small container such 
as cuvette. A UV-Vis spectrophotometer used in the chip-based LSPR sensor is also applied 
for measuring the LSPR absorbance of the dispersed GNPs. For the solution-phase-based 
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LSPR sensors, there are two assays that are commonly employed for the analytes detection: 
LSPR sensing based on refractive index change and LSPR sensing based on nanoparticles 
aggregation. Which assay should be applied is normally dependent on the number of the 
binding sites of the target molecule. If the target molecule has only one binding site, it will 
be captured by only one functionalized GNP. The capture of target molecule will result in 
the refractive index change at the GNP surface and the corresponding LSPR absorbance 
change, such as a red-shift of the longitudinal plasmon band of the GNRs based LSPR 
sensor. However, if there are more than one binding sites on the surface for the target 
molecule, the same target molecule could be captured by GNPs as many as the amount of the 
binding sites theoretically.  
 
 
 
(a) 
 
 
(b) 
 
Fig. 2.24. (a) Schematic representation of the preparation of solution-phase-based LSPR 
sensor (top) and the detection of target molecules with many binding sites (bottom) [164], 
(b) schematic representation of the detection of  target molecules with few binding sites 
through the assembly of GNPs (left) and the corresponding absorption spectra changing over 
a period of time from A to D (right) [165]. 
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If the target molecule has many binding sites, a number of capturing nanoparticles would be 
bound to the same target molecule as demonstrated in Fig. 2.24 (a); if the target molecule 
only has few binding sites, it normally would induce the assembly of the capturing 
nanoparticles as illustrated in Fig. 2.24 (b). In either case, they all will result in the GNPs 
aggregation eventually. Correspondingly, the GNPs aggregation will not only cause a colour 
change in the GNPs solution that sometimes even can be identified by naked eye, but also 
result in a large shift the LSPR absorption spectra of GNPs. However, the aggregation also 
substantially distorts the original LSPR spectrum of dispersed GNPs, making the target 
molecules difficult to be accurately quantified. Compared to the substrate-based LSPR 
sensors, the preparation of the solution-phase-based LSPR sensors is easier. However, in 
terms of the long-term stability, the solution-phase-based LSPR sensors appear less stable 
than the substrate-based ones due to the aggregation and deposition of GNPs over a period of 
time. 
 
2.3.6 Applications of LSPR sensors  
 
Similar to SPR sensors, the majority of applications of LSPR sensors have been focused on 
the label-free biosensing. Compared to SPR biosensors, LSPR biosensor have shown 
advantages including competitive sensitivity, low-cost fabrication and flexible sensor design. 
Many SPR sensors employed in biosensing applications can be replaced by LSPR sensors. 
Therefore, the advantages of LSPR sensor have attracted more and more attentions and a 
significant amount of work has been done for the development of LSPR sensors for various 
biosensing applications in recent years. In this section, we briefly review the biosensing 
applications of LSPR sensors based on two widely used sensing strategies: refractive index 
change and MNPs aggregation. Some recent advances in LSPR biosensing are also included 
in this section. 
 
2.3.6.1 LSPR biosensing based on refractive index change 
 
Biosensing based on refractive index change is the basic sensing principle of LSPR 
biosensors. The refractive index change at the sensor surface, due to the target molecule 
binding, results in the variation of the parameters of the LSPR absorption spectrum, such as 
peak wavelength shift and absorbance change. Therefore, the analytes are able to be detected 
and quantified by monitoring these parameters. Numerous LSPR biosensing applications 
based on refractive index change have been reported. Nath and Chiltoki first reported a chip-
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based LSPR label-free biosensor for the detection of streptavidin based on the well-known 
biotin- streptavidin interaction [167]. The sensor chip was fabricated by immobilizing a 
monolayer of spherical GNPs on the surface of an APTES modified glass coverslip. The 
surface of the immobilized GNPs was further functionalized with biotin which has 
extraordinary high affinity for streptavidin. The detection was performed by monitoring the 
absorbance change at a fixed wavelength using a commercial UV-Vis spectrophotometer in 
transmission mode. The LOD for streptavidin was found to be 16 nM. Later, the biosensor 
performance was significantly improved by optimizing the GNPs size and the LOD for 
streptavidin as low as 0.83 nM was achieved [145]. Base on the similar sensor configuration, 
the detection of streptavidin was also carried out by using a GNRs based LSPR biosensor 
developed by Chen et al. [168]. The sensor chip was fabricated by functionalizing the 
surface of GNRs previously immobilized on the MPTMS-modified glass slide surface with 
biotin molecules. This GNRs based sensor chip was found to have refractive index 
sensitivity nearly five times higher than that of GNSs based sensor chip reported by Nath and 
Chiltoki [168]. Instead of monitoring the absorbance change at a fixed wavelength, the peak 
wavelength shift of the longitudinal plasmon band of GNRs was employed for the detection 
of streptavidin, and the LOD was about 0.42 nM. Marinakos and co-workers also reported a 
similar GNRs based LSPR biosensor for detecting streptavidin, and the LOD of their sensor 
was found to be 94 pM and 19 nM corresponding to the detection carried out in PBS buffer 
and in serum, respectively [79]. Additionally, the detection of streptavidin using an optical 
fibre-based LSPR biosensor was also demonstrated [148]. The LOD of the spherical GNPs 
coated optical fibre LSPR sensor was determined to be 98 pM by using the intensity 
interrogation approach.  
 
LSPR biosensors also have been widely applied for detecting the specific antibody-antigen 
recognition. A chip-based LSPR biosensor for detecting anti-human serum albumin (HSA) 
was reported by Fujiwara et al. [146]. In their work, GNSs with a mean diameter of 40 nm 
was synthesised and immobilized on the amine-modified glass slide. The surface of GNSs 
was further modified with MUA and functionalized with the capturing agent HSA. The LOD 
for the anti-HSA was found to be about 10 nM by monitoring the peak absorbance change 
due to the antigen-antibody specific binding. Mayer et al. developed a chip-based LSPR 
biosensor using GNRs for the detection of anti-rabbit IgG [91]. The GNRs were covalently 
immobilized on a glass slide and the GNRs surfaces were conjugated to rabbit IgG. The 
interaction between rabbit IgG and anti-rabbit IgG was monitored through the peak 
wavelength shift of the longitudinal plasmon band. The LOD for anti-rabbit IgG was as low 
as 1 nM. The detection of anti-human IgG using a U-shaped optical fibre LSPR biosensor 
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was demonstrated by Sai et al [29]. The sensor was fabricated by coating spherical GNPs on 
the decladed fibre core of a U-shaped multimode optical fibre followed by the 
functionalization of GNPs with human IgG molecules. The specific human IgG/anti-human 
IgG recognition was detected by measuring the absorbance change at a fixed wavelength. It 
was found that the LOD of the sensor for anti-human IgG was about 0.8 nM.  
 
In addition to biotin-streptavidin and antigen-antibody interactions, LSPR biosensing based 
on refractive index change have also been applied to detect other bimolecular interactions, 
including deoxyribonucleic acid (DNA) hybridization [169], protein-carbohydrate [170], 
cytochrome-inhibitor  [171] and aptamer-protein interactions [172].  
 
2.3.6.2 LSPR biosensing based on MNPs aggregation 
 
LSPR biosensors based on MNPs aggregation are suitable for fast detecting the presence of 
the target molecule with approximate quantification. The aggregation of the dispersed MNPs 
results in a visible colour change in MNPs solution and a large shift in the LSPR absorption 
spectrum of MNPs, which can be used for sensing purposes. Based on this principle, 
colorimetric LSPR biosensors based on GNPs aggregation for detecting DNA hybridization 
were developed [173-177]. In these assays, spherical GNPs were functionalized with 
thiolated non-complementary oligonucleotide. The addition of the target oligonucleotide, 
which is complementary to the immobilized oligonucleotide, leads to GNPs aggregation due 
to the DNA hybridization. The aggregation results in a colour change of GNPs solution from 
red to purple due to a red-shift in the LSPR absorption band of GNPs. The assembled 
nanoparticle can be separated by simply either changing the ionic strength of the solution or 
raising the temperature above the melting point of DNA, thus inducing a reversible DNA 
strands dehybridization. The colour changes in GNPs solution induced by GNPs aggregation 
allow a clear differentiation between complementary DNA strands and DNA strands with 
mismatches [175-177]. Colorimetric LSPR biosensors have also been used for the detection 
of adenosine and cocaine [178, 179]. In these detections, two bathes of spherical GNPs 
functionalized with two different DNA molecules were linked together by adenosine or 
cocaine aptamers via DNA hybridization, resulting in a colour change (from red to purple) in 
the GNPs solution due to the GNPs aggregation. In the presence of target molecules, 
adenosine or cocaine, the aptamer changed its structure to bind the target molecule, inducing 
the instability of the DNA hybridization. As a result, the assembled GNPs disassociated from 
each other, upon which the colour of the GNPs solution changed back from purple to red.  
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In addition to colorimetric biosensing, LSPR biosensors based on aggregation induced LSPR 
spectral change have also been developed for detecting antigen-antibody interaction. Thanh 
and Rosenzweig reported a generic aggregation-based LSPR immunoassay approach for the 
detection of anti-protein A [180]. Spherical GNPs were first functionalized with protein A 
molecules. Addition of anti-protein A induced the GNPs aggregation through the specific 
antigen-antibody interaction, which resulted in an absorbance change. The aggregation 
process was monitored at a fixed wavelength and the LOD for anti-protein A was found to 
be 1 µg/mL. GNRs were also employed for the aggregation-based LSPR biosensing 
applications. Wang et al. demonstrated the detection of human IgG through the assembly of 
GNRs driven by antibody-antigen recognition [165]. The surface of CTAB-capped GNRs 
were first modified by a negatively charged polyelectrolyte PSS to change the surface charge 
of GNRs. Such negatively charged were then functionalized with anti-human IgG via 
electrostatic interaction. The aggregation of anti-human IgG functionalized GNRs occurred 
after the addition of human IgG, which resulted in a red-shift in the longitudinal plasmon 
band of GNRs and broadening LSPR absorption spectra. The peak position of longitudinal 
plasmon band of GNRs was monitored during the aggregation process and the LOD for 
human IgG was about 60 ng/mL. The detection of a pervasive environmental toxin, 
microcystin-LR (MC-LR), using a LSPR biosensor based on the disassembly of GNRs was 
reported by Wang et al. [181]. Two batches of GNRs were functionalized with MC-LR 
antibodies and MC-LR analogues, which have affinity to MC-LR antibodies, respectively. 
The MC-LR antibodies and MC-LR analogues conjugated GNRs were then mixed together, 
forming assemblies of GNRs and resulting in a decrease in the LSPR absorbance. Addition 
of MC-LR led to a competition for the antibodies binding sites and a dissociation of 
assembled GNRs, thus gradually restoring the LSPR spectra of GNRs. By monitoring the 
peak absorbance change of longitudinal plasmon band during the disassembling process, the 
LOD for MC-LR was found to be 0.6 ng/mL for the side-by-side assemblies of GNRs and 
0.03 ng/mL for the end-to-end assemblies. 
 
Aggregation-based LSPR biosensors have also been used for the detection of other 
biomolecules, such as cysteine and glutathione amino acids [166], pathogens [164], 
concanavalin A [182] and streptavidin [183]. 
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2.3.6.3 Advances in LSPR biosensing  
 
Multiplex biosensing: As GNPs with different sizes and shapes possess different LSPR 
absorption bands, multiplex LSPR biosensing can be realized by employing different GNPs 
in the same assay. GNRs are often preferable to multiplex sensing for the reason that the 
longitudinal plasmon band of GNRs can be conveniently tuned by controlling the aspect 
ratio of GNRs. Yu and Irudayaraj demonstrated a multiplex biosensor for detecting multiple 
target molecules using GNRs with various aspect ratios. In their work, GNRs with three 
different aspect ratios were functionalized with three different antibodies, respectively, and 
mixed together to fabricate the solution-phased-based the multiplex biosensor. Three 
different longitudinal plasmon bands corresponding to the three aspect ratios appeared in the 
LSPR absorption spectra as shown in Fig. 2.25. The addition of one target molecules resulted 
in a significant red-shift in one of the longitudinal plasmon bands due to target specific 
binding and a small red-shift in the other two longitudinal plasmon bands due to non-specific 
binding (Fig. 2.25 (a)). This specific binding caused red-shift is large enough to be 
distinguished from the two small red-shifts induced by non-specific binding. Likewise, 
addition of two targets and three targets resulted in two and three clear red-shifts in 
longitudinal plasmon bands of the corresponding antibodies-conjugated GNRs, respectively 
(Fig. 2.25 (a) and (b)). Therefore, multiple targets can be detected at the same time by 
monitoring the wavelength shift in the corresponding longitudinal plasmon bands. Later, 
they applied this multiplex sensing technique to detect E. coli and salmonella for food safety 
applications [164]. Based on the same principle, Huang et al. developed a chip-based 
multiplex biosensor also using GNRs [92]. GNRs with various aspect ratios were 
immobilized on the separate glass slides, followed by functionalizing these GNRs with 
different antibodies respectively. These sensor chips were then assembled in a cuvette as the 
multiplex sensor. The multiplex sensing ability of the sensor was demonstrated by 
monitoring the peak absorbance change in each longitudinal plasmon band induced by the 
target specific binding. 
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(a) (b) 
  
 
 
(c) 
 
Fig. 2.25. Multiplexing detection of various targets using GNRs with different aspect ratios. 
(a) one target, (b) two targets and (c) three targets [163]. 
 
Single-nanoparticle based LSPR biosensing: most LSPR spectroscopy has been performed 
with ensembles of MNPs. However, each individual nanoparticle in the ensembles could 
serve as an independent LSPR sensor [81, 184]. Compared to the traditional nanoparticle 
array based LSPR sensors, single-nanoparticle based LSPR sensors have shown advantages 
such as higher sensitivity, lower detection limit and very small sample volumes requirement 
[77, 78]. Single-nanoparticle spectroscopy is normally performed by using a dark-filed 
microscopy system. Fig. 2.26 (a) shows an example of this in which a high-numerical 
aperture condenser brings white light to the sample and a low-numerical aperture microscope 
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objective collects the scattered light at low angles. The scattered light is then directed to a 
spectrometer and detector, such as a charge-coupled device camera, yielding an LSPR 
spectrum of the sample [77]. The sample is prepared by immobilizing MNPs on a transparent 
glass substrate. The label-free biosensing can be carried out by tracking the wavelength shift 
in the LSPR scattering spectrum of a single nanoparticle using the dark-filed microscopy as 
demonstrated in Fig. 2.26 (b). So far, MNPs with various nanostructures have been 
employed for developing single-nanoparticle based LSPR biosensors, such as silver 
nanoparticles [81], GNRs [184], GNSs [185], gold nanoholes [186] and gold nanorings 
[187]. Despite the advantages of these single-nanoparticle based LSPR sensors, the low 
single-to-noise ratio still remains as a big limitation for these sensors before they could be 
applied in practical applications in future [188, 189]. 
 
 
              
      
(a)                                                                           (b) 
 
Fig. 2.26. (a) Schematic representation of a dark-field microscopy system for measuring 
single-nanoparticle scattering spectra [77], (b) LSPR spectral shift induced by target 
molecules binding to a single silver nanoparticle (left), and the dark-field optical image of 
silver nanoparticles (right) [81]. 
 
2.4 Summary 
As a powerful tool in biosensing area, a considerably significant amount of work on the 
development of both SPR and LSPR biosensors has been carried out so far. SPR sensing 
technique can be seen as the precursor to the LSPR technique. The two techniques have 
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some features in common, such as both are sensitive to refractive index change, but also 
have many differences between them. To better understand both the SPR and LSPR sensing 
techniques, it is necessary and important to have a good knowledge of their underpinning 
sensing mechanisms. 
 
In this chapter, previous work reported in literature on the development of both SPR and 
LSPR sensors has been reviewed. The background, sensing principle and characteristics of 
both SPR and LSPR techniques have also been introduced, explained and compared. The 
fabrications of both SPR and LSPR sensors with various configurations have been described. 
The biosensing applications of both SPR and LSPR biosensors for detecting various target 
biomolecules have been thoroughly reviewed. Because GNRs have attracted more and more 
interests in recent years due to their unique optical properties, extensive research has been 
undertaken by the author on the development of GNRs based optical fibre LSPR biosensor 
and the use of a novel method for surface modification of GNRs.  The details of the work are 
described and discussed in detail in the following chapters sequentially.  
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Chapter 3 
Fabrication and characterization of novel 
GNR-based LSPR optical fibre sensors 
 
3.1 Introduction 
Compared to other types of LSPR sensors, optical fibre-based LSPR sensors have shown 
many advantages including small sample volume requirement, simplified optical design, 
remote sensing capability and resistance to electromagnetic interference [1, 2]. In light of 
such advantages, extensive research has been undertaken to develop a number of interesting 
and promising optical fibre-based LSPR sensors in recent years. Most of these sensors were 
fabricated by employing the commonly used spherical GNPs [3-9]. GNRs, however, have 
been found to possess higher refractive index sensitivity than that of spherical GNPs [10, 
11], due to their unique optical properties. Thus, the employment of GNRs is expected to 
improve the performance of optical fibre-based LSPR sensors. However, no research had 
been reported on the development of GNR-based LSPR optical fibre sensor before this work 
started.  
 
This chapter introduces the fabrication of novel GNR-based LSPR optical fibre sensors, 
including the synthesis of GNRs with various aspect ratios, the preparation of optical fibres 
as sensor probes, and the immobilization of GNRs on the optical fibres. The experimental 
set-up consisting of different instruments has also been demonstrated. In addition, the 
performance of the as-prepared LSPR optical fibre sensors in response to the surrounding 
refractive index change has been evaluated, and the effect of the aspect ratio of GNRs on the 
refractive index sensitivity has also been studied and discussed in this chapter. 
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3.2 Synthesis of GNRs with various aspect ratios 
3.2.1 Materials  
 
Gold (III) chloride trihydrate (HAuCl4·3H2O), ascorbic acid, silver nitrate (AgNO3), 
cetyltrimethylammonium bromide (CTAB), 3-Mercaptopropyltrimethoxysilane (MPTMS), 
sodium borohydride (NaBH4), potassium hydroxide (KOH), tin (II) chloride dehydrate and 
dextrose were purchased from Sigma Aldrich. De-ionized (DI) water purchased from Fisher 
Scientific was used to prepare all solutions. All reagents were of analytical grade and used as 
received. All procedures were conducted at room temperature unless specified otherwise. 
 
3.2.2 Procedure of seed-mediated synthesis of GNRs  
 
Despite the fact that there are several GNRs synthesis methods have been proposed, such as 
electrochemical method [12], template method [13] and electron beam lithography method 
[14], so far, the seed-mediated growth method is still considered as the most popular one due 
to the ease of preparation and high yield of GNRs. Therefore, the seed-mediated growth 
method was chosen for the preparation of GNRs in this work. In detail, GNRs were 
synthesized by following the method reported by Nikoobakht and EI-Sayed [15] with slight 
modification. Firstly, seed solution was prepared by mixing 5 mL of 0.2 M CTAB solution 
with 5 mL of 0.5 mM HAuCl4·3H2O solution with vigorous stirring, followed by the 
addition of 600 µL of 0.01 M ice-cold NaBH4 to the stirred solution, resulting in the 
formation of a brownish solution. After additional 2 min vigorous stirring, the seed solution 
was aged at room temperature (25 °C) without being disturbed for 3 h before use. 
 
The growth solutions for growing GNRs with different aspect ratios were prepared by adding 
120, 180, 240 and 330 µL of 0.02 M AgNO3 solutions to four identical 30 mL of 0.2 M 
CTAB solutions with stirring, respectively, followed by adding 30 mL of 0.001 M 
HAuCl4·3H2O solution to each stirred solution. To each mixed solution, 420 µL of 0.0788 M 
ascorbic acid solution, which works as a mild reducing agent, was added with stirring. This 
step was seen to change the colour of growth solutions from dark yellow to colourless. To 
grow GNRs, 100 µL of seed solution was added into each growth solution at about 30 °C. 
The colours of the mixtures were gradually changed within 20 min due to the growth of 
GNRs. It has been observed that the colour of GNRs with low aspect ratio changes quicker 
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than that of GNRs with high aspect ratio. The mixtures were then kept in an oil bath at 30 °C 
without being disturbed for 24 h to allow GNRs to grow fully.  
 
Prior to the immobilization of GNRs on the surface of an optical fibre, excess CTAB in the 
as-synthesized GNRs solutions was removed by two rounds of centrifugations at 8000 rpm 
for 20 min for each round. The supernatant was carefully decanted and the GNRs deposited 
at the bottom of the centrifuge tube were finally re-suspended and dispersed in an equal 
amount of DI water. 
 
3.2.3 Characterization of as-synthesized GNRs 
 
The absorption spectra of the GNRs solutions were measured by using a LAMBDA 35 
UV/VIS spectrophotometer (Perkin Elmer Inc.), over the wavelength range from 400 nm to 
1100 nm. The mean aspect ratios of GNRs were determined by using a JEOL 1010 
transmission electron microscope (TEM). The TEM samples were prepared by placing 2 µL 
of diluted GNRs solution on a 3 mm 400-mesh Formvar coated copper grid (purchased from 
Agar Scientific) and evaporating the solution at room temperature.  
 
Fig. 3.1 (a) shows the different colours of the four GNRs solutions synthesized using the 
seed-mediated method, and Fig. 3.1 (b) shows the corresponding normalized absorption 
spectra of the as-synthesized GNRs with four aspect ratios of 2.6 ± 0.2, 3.1 ± 0.3, 3.7 ± 0.3 
and 4.3 ± 0.4, respectively. The normalized spectra as well as the value of peak wavelength 
of LPB were acquired by the built-in functions of the software installed in the commercial 
spectrophotometer (LAMBDA 35) used in this work. The resolution of the 
spectrophotometer is 0.01 nm. As illustrated in Fig. 3.1 (b), two plasmon resonance bands 
can be observed in the absorption spectra of the GNRs with different aspect ratio, with one 
being the transverse plasmon band (TPB) and the other the longitudinal plasmon band 
(LPB), corresponding to the electron oscillations along the short and long axes of the rod, 
respectively. It is noticed that, for all the GNRs with various aspect ratios, their TPBs are all 
located at about 510 nm without any significant shift. However, with the increase of the 
aspect ratio, a red-shift in the LPBs clearly can be observed, indicating that the position of 
LPB of GNRs can be tuned by adjusting the aspect ratio. It also has been found that the 
dispersion of the aspect ratio has an influence on the absorption spectra of GNRs that it 
either results in a slight red or blue shift of the peak wavelength of LPB, but no peak 
wavelength shift of TPB was observed. Fig. 3.2 demonstrates the corresponding TEM 
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images of the as-synthesized GNRs, confirming their different aspect ratios. It is obvious to 
see from the TEM images that the length of GNRs increases with the increase of aspect ratio. 
The mean aspect ratio of the GNRs was calculated by measuring about 100 GNRs per TEM 
grid. 
 
 
 
 
(a) 
 
 
 
(b) 
 
Fig. 3.1. (a) Illustration of seed-mediated synthesized GNRs solutions with aspect ratio of 
2.6 ± 0.2, 3.1 ± 0.3, 3.7 ± 0.3 and 4.3 ± 0.4 (from left to right), and (b) their corresponding 
normalized absorption spectra. 
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Fig. 3.2. TEM images of GNRs with four aspect ratios: A-2.6, B-3.1, C-3.7 and D-4.3. All 
scale bars are 50 nm. 
 
3.2.4 Discussions 
 
The advantage of using the seed-mediated growth method is that the aspect ratio of GNRs 
can be easily controlled by adding different amounts of silver ions into the growth solutions. 
However, according to the author’s experience, the seed-mediated synthesis of GNRs 
appears to be a delicate experiment that several factors may affect the quality and even the 
success of the GNRs synthesis, thus, special attentions should be paid to these issues. 
 
First and foremost, for the seed-meditated growth method, both the seed and growth 
solutions need to be prepared in the presence of high-concentration CTAB solution. CTAB 
plays a very important role in the synthesis of GNRs that, it not only works as a structure 
directing agent assisting in the formation of the rod shape nanoparticles, but also works as a 
stabilizer attaching to the GNRs surface to prevent GNRs from aggregation during and after 
the synthesis [16]. The CTAB molecules have very low solubility in water at room 
temperature (about 27 °C), therefore, the CTAB solution must be prepared at an elevated 
temperature (normally around 60 °C) to allow the CTAB molecules to be totally dissolved in 
the water. The temperature of GNRs solution needs to be brought down to room temperature 
before it can be used. However, the dissolved CTAB molecules in aqueous solution are 
every easy to crystallize at the temperature even a bit lower than the room temperature. Once 
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the crystallization of CTAB is formed in the seed and growth solutions after their 
preparations, such crystallized solutions are not able to be used. Even the crystallization of 
CTAB can be decrystallized by heating, however, two situations normally would happen 
after using the decrystallized seed or growth or both solutions: no GNRs can be synthesized; 
the majority of the synthesized nanoparticles have non-rod shapes. So far, the reason of why 
the crystallization of CTAB will cause the failure of the GNRs synthesis is still unknown, 
and no explanations have been reported by other researchers either. However, in order to 
successfully synthesize GNRs, it is vitally important to make sure no crystallization is 
formed in the seed and growth solutions before the use of them. 
 
 
 
 
Fig. 3.3. Absorption spectra of GNRs solution after being aged for 1 day (blue) and 5 days 
(red) respectively. 
 
In addition, the ageing time of both seed solution and GNRs growth has an effect on the 
synthesis of GNRs. On one hand, the seed solution containing spherical gold particles plays 
an important role in determining the physical characteristics of the GNRs. Gole and Murry 
reported that the length, thickness and aspect ratio of GNRs can be affected by the size and 
nature of the gold seed [17]. The gold seed, after its preparation, normally needs to be aged 
in the seed solution for at least 2 h in order to grow to a certain size (~ 4 nm) before adding it 
to the growth solution. If the gold seed is being aged for less than 2 h, no nanorod could be 
formed in the growth solution due to the small size of the gold seed. If the gold seed is being 
aged for days, the majority of the GNRs yielded will be distorted as reported by Jiang and 
Pileni [18]. On the other hand, as the gold seeds start to grow GNRs after the addition of 
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seed solution to the growth solution, if the ageing time for the GNRs growth is too short, 
such as only a few hours, the GNRs are not able to fully grow to the desired size. However, 
if the GNRs are kept growing over a certain period of time, rather than growing 
longitudinally along the long axis, the GNRs start to grow along the short axis. A blue shift 
of LPB in the absorption spectrum of the GNRs solution after being aged for 5 days was 
observed as shown in Fig. 3.3. This blue shift is due to the decrease of the aspect ratio of 
GNRs. Therefore, in this work, based on the results obtained from numerous experiments, 
the optimum ageing time for the seed solution and GNRs growth were set to 3 h and 24 h, 
respectively, which resulted in a high yield of GNRs (~ 90%, judging from the TEM images) 
achieved.  
 
 
 
Fig. 3.4. TEM images of four samples prepared at: (a) 25 °C, (b) 55 °C, (c) 80 °C and (d) 95 
°C. The scale bar is 100 nm for images a, c and d, and 50 nm for image b [19]. 
 
Moreover, it is worth noting that the variation of the temperature can also affect the growth 
of the GNRs [19]. GNRs synthesized at different temperatures could show different aspect 
ratios and significantly different shapes. For example, when GNRs grow at high temperature, 
the growing speed is increased accordingly. The increase of growing speed, however, has a 
negative impact on the formation of GNRs. As demonstrated in Fig. 3.4, the growth of GNRs 
at high temperature resulted in the distortion of the GNRs, for instance, forming the “dog-
bone” shape of nanoparticles. However, when GNRs grow at a low temperature, the 
crystallization of CTAB in GNRs solution will be induced. It is also worth noting that, in the 
original method, the temperature of the growth solution was kept at 27~30 °C [15]. However, 
we found that the high yield of GNRs only could be obtained at 30 °C. Fig. 3.5 illustrates the 
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yield of GNRs as a function of temperature. Herein, the peak absorbance of LPB was 
employed to represent the yield of GNRs, due to the simple reason that the more GNRs 
synthesized, the more incident light will be absorbed. As can be observed in Fig. 3.5, for all 
of the three aspect ratios of GNRs, the yield of GNRs is proportional to the absorption of 
light, indicating that more GNRs can be acquired at a higher temperature in the range of 
27~30 °C. Therefore, in this work, we slightly modified the original approach by 
maintaining the temperature of growth solution at 30 °C in order to obtain high yield of 
GNRs. The GNRs growth solutions were kept in an oil bath placed on a hot plate and the 
temperature was monitored by using a thermometer to maintain the temperature at the set 
value through the growth process. In addition, a larger volume of growth solution (10 mL in 
the original work, 60 mL in this work) was also applied in order to grow more GNRs at a 
time.  
 
 
 
Fig. 3.5. The yield of GNRs with aspect ratios of 2.6, 3.1, 4.3, respectively, as function of 
temperature. 
 
Last but not least, the seed-mediated growth method reported by Nikoobakht and EI-Sayed 
can produce GNRs with aspect ratios ranging from 1.5 to 4.5 [15]. In order to synthesize 
GNRs with aspect ratios higher than 4.5, the same group also introduced a slightly different 
approach involving the use of another surfactant — BDAC [15]. However, it has been found 
that more by-products of nanoparticle with other shapes rather than rod are produced by 
applying this method. Therefore, due to this limitation, in this work, we only prepared GNRs 
with aspect ratios ranging from 1.5 to 4.5. 
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3.3 Preparation of novel GNR-based LSPR optical fibre 
sensor probes 
3.3.1 Materials 
 
Ethanol and sulphuric acid (H2SO4) were purchased from Fisher Scientific, hydrogen 
peroxide (H2O2), 3-Mercaptopropyltrimethoxysilane (MPTMS), potassium hydroxide 
(KOH), ammonia (NH3), silver nitrate (AgNO3), tin (II) chloride dehydrate and dextrose 
were purchased from Sigma Aldrich. Multimode optical fibre of diameter 600 µm and 
NA=0.37 with polymer cladding were purchased from Thorlabs. 
 
3.3.2 Procedure of preparation of LSPR sensor probes 
 
Fig. 3.6 demonstrates the procedure of preparation of a GNR-based LSPR optical fibre 
sensor. In detail, a piece of polymer-clad silica multimode optical fibre with a core diameter 
of 600 µm was cut into several 10 cm long sections to be used as sensor substrates. 
Subsequently each fibre section was carefully and manually polished at both distal end 
surfaces by using polishing films with 5, 3, 1 and 0.3 µm roughness in sequential order. A 1 
cm unclad portion at one distal end of the fibre was used as the sensing area after the 
polymer cladding having been removed with acetone [20]. The sensing area of the fibre was 
then cleaned by use of piranha solution (H2O2: H2SO4; 30%:70%) for 30 minutes (It should 
be noted that this solution is extremely aggressive and thus required handling with extreme 
care). After a thorough rinse with DI water, the optical fibres were then placed inside an 
oven, set at 100°C, for 1 hour. This cleaning procedure resulted in the formation of hydroxyl 
groups on the unclad fibre core as shown in Fig 3.6. Subsequently, the clean surface of the 
unclad optical fibres was modified with MPTMS by immersing the fibres into 5 % (V/V) 
MPTMS-ethanol solution overnight. The methoxyl groups of MPTMS interacts with the 
hydroxyl groups on the unclad fibre thus forming a covalent Si-O-Si bond, which results in a 
self-assembled film of MPTMS with terminal mercapto groups generated on the unclad fibre 
surface [21]. The excess and unbound MPTMS molecules were removed from the fibres by 
washing the fibres in ethanol under sonication for a few minutes, followed by thoroughly 
rinsing the fibres with ethanol and DI water alternately. The N2 blow-dried MPTMS 
modified fibres were then incubated in the GNRs solutions synthesized above for 6 h to 
enable the immobilization of GNRs onto the unclad fibres surfaces. Finally, a self-assembled 
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monolayer of GNRs was formed on the fibre surface via the covalent Au-S bond as 
illustrated in Fig. 3.6. 
 
 
 
Fig. 3.6. Schematic diagram of self-assembly of GNRs on MPTMS modified optical fibre. 
 
The LSPR sensors used in this experiment were fabricated as the reflective sensor probes, 
because the reflective sensor is easier for probing any form of samples and potentially could 
be used as the disposable sensor probe. In order to make the SPR probe operate as a 
reflective sensor, a thin silver mirror was also coated onto the end surface of the fibre to 
allow the reflection of the incident light, as illustrated in Fig. 3.7 (a). The silver mirror 
coating was realized by using a chemical technique with the use of Tollen’s reagent [22]. 
Tollen’s reagent was synthesized by dropwise adding NH3 solution to 2 mL of 0.1 M AgNO3 
solution. After the brown precipitate totally dissolved, 1.4 mL of 0.8 M KOH was added, by 
which the colour of the mixed solution was changed from colourless to black. After 
additional NH3 was added dropwise until the black precipitated dissolved, the Tollen’s 
reagent was acquired. Before coating the silver mirror onto the fibre end surface, the fibre 
was first rinsed in 0.2% tin (II) chloride dehydrate solution to sensitize the coating area and 
subsequently rinsed with water.  After dipping the fibre into the Tollen’s reagent, 0.4 mL of 
dextrose (0.25M) was added, and then the fibre was kept in the reagent for a period of 2 min 
to allow the formation of the silver mirror at the fibre tip. After 2 min, the fibre was removed 
from the coating solution and rinsed with water and blow dried by N2. Fig. 3.7 (b) shows the 
photo of a real LSPR optical fibre sensor probe prepared in this work. 
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(a) 
 
 
 
(b) 
 
Fig. 3.7. (a) Schematic diagram of the structure of a GNR-coated LSPR optical fibre sensor; 
(b) photograph of the as-prepared LSPR optical fibre sensor probe. 
 
3.3.3 Discussions 
 
The immobilization of GNRs on the unclad fibre core is the key step in the fabrication of the 
GNR-based LSPR optical fibre sensor. In this work, multimode optical fibre with a hard 
polymer cladding was chosen specifically due to ease of cladding removal with the help of 
acetone. Prior to the GNRs immobilization, the surface of the unclad portion needs to be 
cleaned properly, followed by modifying the unclad surface with cross-linkers. APTES with 
positively charged amino groups has been commonly used for linking the citrate-reduced 
GNPs for the reason that Au has strong affinity with amino groups [21, 23]. Via electrostatic 
adherence, the negatively charged GNPs can be immobilized on the positively charged 
surface of substrate modified with APTES. However, as the GNRs surface is covered by the 
bilayer of positively charged CTAB molecules, it is not able to coat the GNRs on the ATPES 
modified substrate due to the repulsive force between the CTAB molecules and amino 
groups. This point has also been confirmed through our experiments that, by immersing two 
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APTES modified substrates in the citrate-reduced GNPs and CTAB covered GNRs 
solutions, respectively, only GNPs could be coated on the substrate while no GNRs were 
found to be coated on. Although the negatively charged polyelectrolyte could be used for 
linking the GNRs, as both the adherence of polyelectrolyte to the substrate and the binding 
of GNRs are via electrostatic force, the robustness of such polyelectrolyte modified substrate 
is questionable. In this work, an alternative to APTES, MPTMS, was chosen as the linker for 
immobilizing GNRs. Both the surface modification with MPTMS and the immobilization of 
GNRs are via the strong Si-O-Si and Au-S covalent bonds, respectively, ensuring the 
robustness of the sensor probe. It is worth to note that, the unbound MPTMS molecules must 
be completely removed from the fibre surface before dipping the fibre into the GNRs 
solution, because the unbound MPTMS molecules in the GNRs solution will induce an 
irreversible  aggregation and deposition of GNRs, thus, resulting in a poor quality of GNRs 
coating or even failure of GNRs immobilization.   
 
 
 
Fig. 3.8.  Absorbance of the GNRs (aspect ratio = 3.6) based LSPR sensor as a function of 
GNR-coating time under continuous monitoring. 
 
In addition, in order to obtain an optimum GNRs coating, the coating process was 
continuously monitored and the results acquired are shown in Fig. 3.8.  As shown in Fig. 3.8, 
after the immersion of the MPTMS modified fibre into the GNRs solution, the LSPR 
absorption of GNRs occurs and the absorbance increases gradually with time due to the 
GNRs binding to the fibre surface. After a period of 6 h, no significant absorbance increase 
can be observed, indicating the saturation of the GNRs coating that no more GNRs can be 
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coated on the fibres. Therefore, in this work, 6 h coating time is specifically chosen as the 
optimum coating time for preparing the LSPR optical fibre sensors. 
 
3.4 Evaluation of GNR-based LSPR optical fibre sensor 
performance 
3.4.1 Experimental set-up 
 
 
 
(a) 
 
 
 
(b) 
 
Fig. 3.9. (a) Schematic diagram of the sensor system. (b) Photograph of the experimental set-
up used. 
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The experimental set-up for evaluating the performance of the GNR-based LSPR optical 
fibre sensors fabricated in this work is shown in Fig. 3.9. As illustrated in Fig. 3.9 (a), the 
sensor probe is connected to one end of a 2x1 fibre coupler and it is illuminated by light 
from a white light source connected to the other end of the coupler. In order to evaluate the 
LSPR sensor performance, the sensor probe is dipped into a testing solution with a known 
refractive index. The incident light interacts with the GNRs immobilized on the sensor 
surface and the reflected signal is captured by a mini-spectrometer (Ocean Optics Maya 
2000pro) with resolution of 0.01 nm, which is connected to the other end of the coupler. 
Thus the signals obtained can be displayed and monitored by a computer connected to the 
mini-spectrometer. The signal was interrogated every 10 microseconds and the data were 
acquired and recorded by using Spectrasuite software. The real experimental set-up 
employed in this work is shown in Fig. 3.9 (b). 
 
3.4.2 Refractive index sensitivity test 
 
The evaluation of the refractive index sensitivities of the as-prepared LSPR optical fibre 
sensors to the surrounding refractive index change were conducted by immersing the sensor 
probes into testing solutions with various refractive index, ranging from 1.34 to 1.41. The 
testing solutions were prepared by mixing solvents of methanol, ethanol and toluene at 
different ratios, and their refractive indices were measured using a refractometer (purchased 
from Fisher Scientific). 
 
3.4.3 Results and discussions 
 
3.4.3.1 Sensitivity to surrounding refractive index change 
 
Fig. 3.10 (a)-(d) shows clearly the absorption spectra of the LSPR optical fibre sensors based 
on GNRs with various aspect ratios, when the sensors were exposed to testing solutions with 
different refractive indexes. It has been observed that, for all the as-prepared LSPR sensors, 
when the sensor probe was dipped into a testing solution, immediately the absorption 
spectrum of the sensor occurred and then quickly stabilized at a specific position, which is 
corresponding to the refractive index of the testing solution. When changing the testing 
solution to a one with a different refractive index, the absorption spectrum of the sensor 
rapidly changed and stabilized at a different position accordingly. These phenomena indicate 
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that the as-prepared GNR-based LSPR optical fibre sensors have fast response to the 
surrounding refractive index change. 
 
  
(a) (b) 
  
  
(c) (d) 
  
Fig. 3.10. Overlapping absorption spectra of LSPR optical fibre sensors based on GNRs with 
aspect ratios of (a) 2.6, (b) 3.1, (c) 3.7 and (d) 4.3, with increase of refractive index from 
1.34 to 1.41. 
 
As shown in Fig. 3.10 (a)-(d), two plasmon resonance bands can be observed from the 
absorption spectra of the as-prepared GNR-based LSPR sensors, with one being the TPB and 
(shorter peak wavelength) and the other the LPB (longer peak wavelength), demonstrating a 
similar spectral profile of GNRs solutions as shown in Fig. 3.1 (b).  It is noticeable that, 
when the GNR-based LSPR sensors with different aspect ratios were immersed into the 
testing solution with the same refractive index, the TPBs in the absorption spectra of these 
sensors were almost located at the same wavelength about 510 nm, while the LPBs were red-
shifted with the increase of the aspect ratio of GNRs as demonstrated in Fig. 3.10 (a)-(d). 
With the increase of the solution refractive index, no significant wavelength shift but only an 
increase of the absorbance in the TPBs was observed. However, for the LPBs, not only did 
the absorbance increase, but also the peak wavelength of LPB showed a red-shift with the 
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increase of refractive index in the range from 700 nm to 1000 nm. This observation indicates 
that the LPB is much more sensitive to the refractive index change than the TPB. Therefore, 
the peak wavelength of LPB in the absorption spectrum was chosen as an indicator for 
evaluating the refractive index sensitivities of the GNR-based LSPR sensors. It was also 
found in Fig. 3.1 (b) and Fig. 3.10 (a)-(d) that, the position of LPB peak wavelength of 
GNRs suspending in solution is slightly different from that of GNRs immobilized on the 
optical fibre. Compared to the spectra of GNRs suspending in solution, a red shift of LPB 
peak wavelength was observed after the GNRs were coated on fibre. This could be caused by 
the refractive index difference between the GNRs solution and optical fibre, because the 
LPB peak wavelength of GNRs are highly sensitive to the refractive index change and the 
refractive index of an optical fibre is a higher than that of GNRs solution. When the 
refractive index varies from 1.34 to 1.41, a total peak wavelength shift of 18, 27, 35 and 54 
nm were observed for the LSPR sensors with the GNR aspect ratio ranging from 2.6 to 4.3 
respectively, indicating that the higher the GNR aspect ratio, the more sensitive to the 
refractive index change the GNR-based LSPR sensor will be. It was also observed that when 
the GNR sensors with different aspect ratios, such as 3.1 and 4.3 as indicated in Fig. 3.10 (b) 
and (d) respectively, are subjected in the solution with the same refractive index, the peak of 
LPBs of the sensors appears at different wavelengths. This indicates that multiplex LSPR 
sensing for detecting multiple targets could be realized in future when the construction of a 
LSPR sensor probe involves the employment of GNRs with different aspect ratios. However, 
as demonstrated in Fig. 3.10 (a)-(d), it was also noted that the LPB becomes slight broader 
with the increase of aspect ratio of GNRs. This could be due to the reason that, since 
multimode optical fibres were employed in this work, more modes of incident light in the 
optical fibre are able to couple with GNRs with higher aspect ratio to excite LSPR, which 
results in the broadening of absorption spectrum. 
 
The refractive index sensitivity is defined as the peak wavelength shift relative to the 
corresponding refractive index change and has as a unit of nm/RIU (where RIU = refractive 
index unit). Fig. 3.11 (a) summarises the results obtained from the refractive index 
sensitivity tests of the GNR-based LSPR sensors with different aspect ratios, showing the 
peak wavelength shift of LPB of the LSPR sensors as a function of refractive index variation 
of the surrounding medium ranging from 1.34 to 1.41. The refractive index sensitivities of 
the as-prepared GNR-based LSPR sensors with aspect ratios from 2.6 to 4.3 are about 269, 
401, 506 and 766 nm/RIU, respectively, calculated by a linear fit as shown in Fig. 3.10, thus, 
indicating that the GNR-based LSPR optical fibre sensors with higher aspect ratio possess 
higher refractive index sensitivity. In addition, as can be seen in Fig. 3.11 (a), all the GNR-
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based LSPR sensors created have also demonstrated a good linearity of their sensitivities to 
the refractive index change. These results obtained are in good agreement with those 
previously published results acquired from either chip-based [24] or solution-phase-based 
[10] LSPR sensors using GNRs.  
 
 
 
(a) 
 
 
(b) 
 
Fig. 3.11. (a) Peak wavelength shift of LPB of GNRs with four aspect ratios as a function of 
refractive index change, (b) peak absorbance shift of LPB of GNRs with four aspect ratios as 
a function of refractive index change (AR = aspect ratio). 
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In comparison with the results obtained from a similar LSPR optical fibre sensor but based 
on spherical GNPs [25], despite an increasing sensitivity with the increase of particles size as 
reported, both the lowest and highest refractive index sensitivities (154 and 571 nm/RIU) 
corresponding to the LSPR sensors using the smallest and largest particles (13 and 60 nm), 
respectively, reported in that work are much lower than those of the GNR-based LSPR 
sensors with the lowest and highest aspect ratios (269 and 766 nm/RIU corresponding to 
aspect ratios of 2.6 and 4.3, respectively). Moreover, judging from the R-squared value 
shown in Fig. 3.11 (a), the linearity of the refractive index sensitivity of the GNR-based 
LSPR optical fibres sensors creased in the work is much better than those of the LSPR 
sensors based on spherical GNPs [25]. These advantages make the GNR-based LSPR 
sensors more suitable for LSPR sensing applications than the LSPR sensors based on the 
conventionally used spherical GNPs. In addition, the peak absorbance shift of LPB of as a 
function of refractive index change was also shown in Fig. 3.11 (b). 
 
3.4.3.2 Stability of the sensor probe 
 
In order to verify the stability of the as-prepared LSPR sensor probes, the peak wavelength 
of LPB in absorption spectrum of one freshly prepared GNR-based LSPR sensor probe with 
aspect ratio of 3.7 was monitored and recorded every two days over a period of two weeks 
when the same sensor probe was subjected to testing solutions with refractive index of 1.34, 
1.36 and 1.38. After each round of test, the sensor probe was preserved in the DI water at 
room temperature. The peak wavelength and peak absorbance of LPB, being recorded over a 
two week period, is shown in Fig. 3.12. As illustrated in Fig. 3.12 (a), the peak wavelength 
of LPB for the GNR-based LSPR sensor was shown to be rather constant over the test 
period. Only very small variation in the peak wavelength (by less than 0.05 nm) were found, 
indicating that GNR-based LSPR sensors prepared in this work have a high stability for at 
least two weeks. However, as can be observed in Fig. 3.12 (b), the peak absorbance of LPB 
irregularly shifted during the testing period, which could be due to either the variation in 
intensity of light source or changes in alignment of sensor probe and coupler for each test. 
The stability difference between the peak wavelength and peak absorbance also indicates 
that the wavelength based measurement applied in this work is more reliable than the 
intensity/absorbance based measurement. Moreover, when the as-prepared LSPR sensor 
probes were stored in DI water in dark environment at 4 °C, the performance of the sensors 
preserved in such way was found to be stable for more than 6 months before any form of 
degradation was observed.  
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(a) 
 
 
(b) 
 
Fig. 3.12. (a) Peak wavelength and (b) peak absorbance monitoring of the GNR-based LSPR 
sensor subjected in testing solutions with different refractive indexes for a period of two 
weeks. 
 
3.5 Summary 
In this chapter, the development of GNR-based LSPR optical fibre sensors, designed with 
different aspect ratios, has been described, and the performances of the sensors created have 
been evaluated and cross-compared. The procedure of the synthesis of GNRs with various 
aspect ratios using seed-mediated method has been introduced in detail, the characteristics of 
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the as-synthesized GNRs have been studied, and the issues which may affect the quality of 
the GNRs have been pointed out and discussed. Additionally, the preparation of the GNR-
based LSPR optical fibre sensor probe including the surface modification of the optical fibre 
and the immobilization of GNRs onto the unclad optical fibre has been described. Finally, 
refractive index sensitivities of the as-prepared LSPR sensors were evaluated when they 
were subjected to the testing solutions with different refractive indexes. The results show 
that the GNR-based LSPR sensors fabricated in this work have refractive index sensitivities 
of 269, 401, 506 and 766 nm/RIU, corresponding to the aspect ratios of 2.6, 3.1, 3.7 and 4.3 
respectively, indicating that the sensitivity of the LSPR sensor increases with the increase of 
the aspect ratio of GNRs. In comparison with the LSPR optical fibre sensors based on the 
commonly used spherical GNPs, the GNR-based LSPR optical fibre sensors fabricated in 
this work not only showed higher refractive index sensitivities, but also demonstrated a 
better linearity in their performance. In addition, the GNR-based LSPR sensors have proved 
to be highly stable for up to months. The promising results obtained show that the GNR-
based LSPR sensors created in this work have the ability to work as a sensitive label-free 
biosensor for biosensing applications. The development of GNR-based label-free LSPR 
biosensor and its biosensing ability will be demonstrated in the next chapter. 
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Chapter 4 
Development of novel GNR-based LSPR 
optical fibre biosensor 
 
4.1 Introduction 
Similar to SPR sensors, label-free biosensing could be the most important application of 
LSPR sensors. Despite the fact that the sensitivity of SPR sensors to bulk refractive index 
change is much higher than that of LSPR sensors [1-3], it has been proved that LSPR 
biosensors can offer a comparable sensitivity to the small variation in refractive index caused 
by the biomolecular interaction at sensing surface for instance [3, 4]. In addition, LSPR 
sensors not only retain many advantages of SPR sensors, such as high refractive index 
sensitivity, fast, real-time and label-free detection, but also show other advantages including 
better flexibility and simpler sensor design and cost-effectiveness in sensor fabrication, 
making the LSPR sensors more attractive to biosensing applications. A number of promising 
optical fibre based LSPR biosensors have been developed so far [5-13]. Most of these 
previously reported LSPR optical fibre sensors have shown good refractive index 
sensitivities with their resonance peak wavelength shifts being observed when the sensors 
were subjected to the bulk refractive index change. However, when these sensors were used 
as a biosensor, absorbance or intensity measurement is widely considered rather than the 
peak wavelength shift [8-13]. This is because that the resonance wavelength of these sensors 
has not demonstrated a sensitivity significant enough to detect the small refractive index 
change caused by the biomolecular interaction, although this wavelength-based technique is 
preferable due to its insensitivity to the interference arising from the surrounding 
environment, compared to absorbance and intensity-based techniques. 
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This chapter introduces the development of a novel GNR-based LSPR optical fibre biosensor 
and its biosensing performance. The fabrication of the LSPR sensor probe is based on the 
work introduced in Chapter 3, with the aspect ratio of GNRs and sensing length of the 
optical fibre being chosen in particular to enhance the sensitivity of LSPR sensor. The sensor 
probe is further functionalized with bioreceptors, which have the specific bioaffinity for the 
target biomolecule, to make the LSPR sensor work as a label-free biosensor. The evaluation 
of the biosensing ability of the LSPR biosensor created is performed by using the antigen-
antibody recognition model, which has been widely used in the study of biosensor 
development [6, 14-19], based on a wavelength-based interrogation method rather than the 
conventional absorbance or intensity-based technique to improve the quality of the 
measurement. 
 
4.2 Preparation of GNR-based LSPR sensor probe 
4.2.1 Materials  
 
Gold (III) chloride trihydrate (HAuCl4·3H2O), ascorbic acid, silver nitrate (AgNO3), 
cetyltrimethylammonium bromide (CTAB), 3-Mercaptopropyltrimethoxysilane (MPTMS), 
sodium borohydride (NaBH4), hydrogen peroxide (H2O2), ammonia (NH3), potassium 
hydroxide (KOH), tin (II) chloride dehydrate and dextrose were purchased from Sigma 
Aldrich. Ethanol, sulphuric acid (H2SO4) and de-ionized (DI) water purchased from Fisher 
Scientific was used to prepare all solutions. All reagents were of analytical grade and used as 
received. All procedures were conducted at room temperature unless specified otherwise. 
Multimode optical fibres of diameter 600 µm and NA=0.37 with polymer cladding were 
purchased from Thorlabs. 
 
4.2.2 Fabrication and characterization of LSPR sensor probe 
 
In this experiment, the GNR-based LSPR optical fibre sensor probes were prepared by 
following the same fabrication procedure described in Chapter 3. Based on the previous 
findings that the higher the aspect ratio, the higher the refractive index sensitivity, GNRs 
with slightly high aspect ratio were synthesized particularly in this experiment, in order to 
enhance the sensitivity of the LSPR sensor. Briefly, the seed solution was prepared following 
the procedure exactly the same as the one applied in the Chapter 3. Because the aspect ratio 
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of GNRs is controlled by the amount of silver ions in the seed-mediated growth method, to 
synthesize GNRs with high aspect ratio, 310 µL of 0.02 M AgNO3 solution was added into 
the growth solution. Except the AgNO3 solution, the volumes as well as the concentrations 
of other chemicals applied in this experiment are consistent with those of chemicals used in 
the previous experiment described in Chapter 3. Fig. 4.1 (a)-(c) demonstrates the colour, the 
TEM image and the absorption spectrum of the as-synthesized GNRs solution, respectively. 
The mean aspect ratio of the GNRs is about 4.1 ± 0.3 determined by the TEM analysis.  
 
 
       
 
(a) (b) 
  
 
 
(c) 
 
Fig. 4.1. The photograph (a), TEM image (b), and absorption spectrum (c) of the GNRs 
solution with aspect ratio of 4.1 synthesized using the seed-mediated growth method. 
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The preparation of the optical fibre sensor probe and the immobilization of GNRs on the 
fibre were conducted by following the same procedures introduced previously in Chapter 3. 
In addition, the LSPR sensor probes can be easily reproduced by removing the GNRs 
immobilized on the sensor surface with a piece of tissue and ethanol, and repeating the 
cleaning and coating procedures introduced in Chapter 3. In order to investigate the 
influence of the sensing length on the refractive index sensitivity, a series of GNR-based 
LSPR sensor probes, with sensing lengths of 0.5 cm, 1 cm and 2 cm were prepared and 
tested respectively. The performance of these sensors was also evaluated by dipping the 
sensor probes in the testing solutions with various refractive indexes ranging from 1.34 to 
1.41 and monitoring the change in their absorption spectra. Fig. 4.2 (a) shows the 
overlapping absorption spectra of a LSPR sensor probe with 2 cm sensing length. Again, a 
red-shift in the LPB with the increase of refractive index can be observed. For each length, 
the peak wavelength shift of LPB as a function of the refractive index of the surrounding 
medium, acquired from seven batches of different sensor probes, was fitted to a linear 
function to determine the refractive index sensitivity. As shown in Fig. 4.2 (b), the refractive 
index sensitivity of the GNR-based LSPR sensor increases with the increase of sensing 
length. For each sensing length, the results shown in Fig. 4.2 (b) were obtained from three 
different sensor probes in order to calculate the standard deviations and averages. The sensor 
with a sensing length of 2 cm demonstrates the highest refractive index sensitivity of ~ 601 
nm/RIU, showing a considerable promise of working as an effective biosensor to detect the 
small refractive index changes caused by the interaction between biomolecules. Compared to 
the results shown in Fig. 3.11 (a), the refractive index sensitivity of sensor probe with a 2 cm 
sensing length shown in Fig. 4.2 (b) is much higher than those of sensor probes with a 1 cm 
sensing length and with GNRs aspect ratios lower than 4.1, but still lower than that of sensor 
probe with GNRs aspect ratio of 4.3. This indicates that the refractive index sensitivity of 
GNR-based optical fibre sensor not only depends on the sensing length, but also depends on 
the aspect ratio of GNRs. In addition, Zayats’s group has found that when GNRs are 
vertically immobilized on a substrate, the refractive index sensitivity of such LSPR sensor 
can be significantly improved and a refractive index sensitivity as high as 30,000 nm/ RIU 
has been reported [20]. Considering the fact that, in this work, the GNRs were randomly 
immobilized on the surface of optical fibre (because it is difficult to control the orientation of 
the GNRs by using the dip coating method), thus, increasing the sensing length could also 
increase the chance that more GNRs can be vertically immobilized on the surface of fibre, 
which results in the increase in sensitivity. Therefore, for the GNR-based optical fibre 
sensors with the same aspect ratio of GNRs but different sensing length, the rise in 
sensitivity could be attributed to two reasons: first, a greater level of nanoparticle-incident 
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light interaction at the longer sensing lengths; second, more GNRs vertically immobilized on 
the surface of optical fibres with longer sensing lengths. However, for the LSPR sensors with 
sensing lengths of greater than 2 cm, due to the loss of protection from cladding and jacket, 
the sensing area is more prone to damage, both during the sensor preparation and in practical 
applications, which makes such sensors more difficult to handle. Therefore, in order to 
enhance the sensor performance, a sensing length of 2 cm was chosen for further biosensing 
applications.  
 
 
(a) 
 
(b) 
 
Fig. 4.2. (a) Overlapping absorption spectra of the GNRs-based LSPR sensor with a sensing 
length of 2 cm, with increase of the refractive index, (b) refractive index sensitivities of 
GNR-based LSPR sensors with different sensing length of 0.5, 1 and 2 cm. 
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4.3 Functionalization of LSPR sensor probe 
4.3.1 Materials  
 
Human IgG (purified immunoglobulin, reagent grade), anti-humanIgG (whole molecule, 
produced in goat), 11-Mercaptoundecanoic acid (MUA), bovine serum albumin (BSA), N-
(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Sigma Aldrich. Ultrapure de-
ionized (DI) water (18 MΩ) was used to prepare all solutions. 
 
4.3.2 Procedure of functionalizing GNRs to create LSPR sensor probe 
 
In order to evaluate the biosensing performance of the GNR-based LSPR optical fibre sensor 
probes prepared above when working as a label-free biosensor, the sensor probes were 
further functionalized with human IgG to detect anti-human IgG through the specific 
recognition between them using a EDC/NHS coupling method, which has been commonly 
applied for the proteins immobilization and conjugation [19, 21-23]. Fig. 4.3 illustrates the 
functionalization process, and the detailed procedure is described below. 
 
 
 
Fig. 4.3. A schematic diagram showing the process of functionalizing GNRs to create a 
LSPR sensor probe. 
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As shown in Fig. 4.3, the surfaces of the GNRs immobilized on the optical fibre were first 
modified with a carboxylic group-terminated thiol, MUA, by incubating the sensor probe in 
10 mM MUA-ethanol solution overnight. After being thoroughly rinsed with ethanol and 
0.01 M PBS buffer (with pH 7.4) respectively to remove the unbound MUA, the MUA-
modified sensor probe was then immersed into a mixture of 2 mM EDC and 5 mM Sulfo-
NHS for 30 minutes in 0.01M PBS buffer (with pH 5) in order to activate the carboxyl group 
of MUA. After the EDC/NHS activation, the fibre was then thoroughly rinsed with PBS 
buffer with pH 7.4 to remove the unreacted EDC/NHS, followed by being incubated in 250 
µg/mL human IgG solution for 2 hours. In order to prevent any nonspecific binding, a 
blocking agent, BSA, was applied to block the sensing surface by immersing the PBS rinsed 
fibre into 2 mg/mL BSA solution for 1 hour. After being rinsed with PBS buffer with pH 7.4, 
finally, the sensor probe was stored in PBS buffer with pH 7.4 at 4 °C before use. Such 
functionalized sensor probe was then ready to detect the analyte – anti-human IgG in this 
case. 
 
4.3.3 Discussions 
 
In this experiment, MUA was applied as the cross-linker to cross-link the human IgG to the 
surface of GNR immobilized on the optical fibre. MUA has two terminal functional groups, 
with one being the thiol group and another being the carboxyl group. The thiol group of 
MUA works as an anchor enabling the MUA molecule to be immobilized on the GNR 
surface via the strong Au-S covalent bond, which results in the formation of the functional 
carboxyl groups on the GNR surface. The carboxyl group of MUA can be used to couple the 
amino group of human IgG, but not in its original form. To couple with amine, the carboxyl 
group of MUA needs to be activated by EDC first to form an amine-reactive O-acylisourea 
intermediate, which can react with an amine on molecule, yielding a conjugate of the two 
molecules joined by a stable amide bond. However, this intermediate is not stable that, if this 
intermediate does not encounter an amine, it will hydrolyze and regenerate the carboxyl 
group. The addition of Sulfo-NHS stabilizes the amine-reactive intermediate by converting it 
to an amine-reactive Sulfo-NHS ester, thus increasing the efficiency of EDC-mediated 
coupling reactions [24, 25]. As demonstrated in Fig. 4.3, the amino group of human IgG 
reacts with the amine-reactive Sulfo-NHS ester, binding human IgG to the surface of GNR 
immobilized on the optical fibre via the covalent amide bond. However, even given enough 
binding time, there still a chance that the not all of the Sulfo-NHS ester have reacted with 
human IgG, which will result in the nonspecific binding after the addition of target 
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molecules. Therefore, to ensure that the amine-reactive Sulfo-NHS esters binding to the 
GNR surface are fully occupied, a blocking agent, which has nonspecific affinity for neither 
human IgG nor anti-human IgG, is needed to block the sensing surface of the GNR-based 
LSPR optical fibre sensor. Herein, BSA with amino group was employed as the blocking 
agent to react with the unoccupied Sulfo-NHS ester. 
 
4.4 Evaluation of the LSPR biosensor performance 
4.4.1 Experimental set-up 
 
As shown in Fig. 4.4, the experimental set-up used in this experiment is the same to the one 
used in the refractive index sensitivity study in Chapter 3. 
 
 
 
  
(a) (b) 
 
Fig. 4.4. Schematic diagram (a) and photograph (b) of the experimental set-up. 
 
4.4.2 Detection of target biomolecules 
 
In order to evaluate the biosensing performance of the LSPR biosensor probes created above, 
the biosensors were then used to detect anti-human IgG with various concentrations, using 
the schemes illustrated in Fig. 4.5. Before the detection of the target molecules, the 
functionalized sensor probe was first immersed into the PBS buffer solution with pH 7.4 
until a stable spectrum as the baseline was obtained and recorded. Afterwards, the sensor 
probe was immersed into a solution containing anti-human IgG to start the binding process 
and the corresponding spectrum change was monitored and recorded. The target anti-human 
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IgG has specific bioaffinity for human IgG immobilized on the LSPR bio-sensors, and the 
capture of anti-human IgG induces a refractive index change at the sensor surface, thus, the 
resulting signal can be captured through the LSPR effect as illustrated in Fig. 4.5. 
 
 
 
 
Fig. 4.5. Schematic diagram of biosensing approach using GNR-based LSPR biosensor. 
 
4.4.3 Results and discussions 
 
Fig. 4.6 demonstrates the target binding process monitored continuously for the GNR-based 
LSPR biosensors, when the sensor probe was immersed into an 8 nM anti-human IgG 
solution in PBS buffer with pH 7.4 for 2 h. The absorption spectra of the antibody-antigen 
binding process were recorded every 5 min. As shown in Fig. 4.6, a clear and gradual red 
shift of LPB peak wavelength was observed with the increase of the absorbance over time. 
As was discussed previously, before the functionalization with human IgG, when the GNR-
based sensor probe was immersed into a testing solution with a particular refractive index, 
their absorption spectra were seen to quickly reach and stabilize at a specific spectral 
position (thus without that position shifting). However, when the functionalized sensor 
probes were dipped into the solution containing the molecules of anti-human IgG, the spectra 
of the sensor first reached the baseline rapidly, but then a gradual red shift of LPB and an 
increasing absorbance in the absorption spectra were observed as shown in Fig. 4.6. This red 
shift of LPB as well as the increasing absorbance was caused by the increase of refractive 
index at the sensing surface due to the binding taking place gradually between the human 
IgG immobilized on the GNPs and the anti-human IgG in the solution. The spectral shift, on 
the other hand, also indicates the as-prepared GNR-based LSPR biosensors are highly 
sensitive to the micro-refractive index change raised by the biomolecular interactions, 
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demonstrating the successful fabrication and functionality of the LSPR biosensors prepared 
in this work. 
 
 
 
 
Fig. 4.6. Continuous monitoring of the process of anti-human IgG binding to human IgG 
immobilized on GNR-based LSPR biosensor over a period of 2 hours. 
 
 
Fig. 4.7. LPB peak wavelength shift of GNR-based LSPR biosensor as a function of the 
incubation time at different concentrations of anti-human IgG. 
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Fig. 4.7 summarize the results obtained, revealing the LPB peak wavelength shift of the 
GNR-based LSPR biosensors, when different sensor probes were incubated in the anti-
human IgG solution at concentrations of 1.6 nM, 8 nM, 40 nM and 80 nM for a period of 2 
h. It was found that, despite the greater peak wavelength shift being observed at the higher 
concentrations of the anti-human IgG, the effective antigen-antibody binding for all 
concentrations nearly always took place in only the first half an hour of incubation, because, 
at each concentration of anti-human IgG, the peak wavelength shift increases dramatically 
during the first 30 min. After that, although the binding still continued during the rest of the 
2 hours period of incubation, the increase of the peak wavelength shift was slowed down 
dramatically as shown in Fig. 4.7. The results indicate that the majority of anti-human IgG 
binding happened in the first half hour, therefore, at least 30 min of incubation time is 
required when the as-prepared LSPR optical fibre sensors operate as biosensors. It is worth 
to note that, the sensor response not only depends on the availability of the free binding sites 
on the sensor surface and the target molecules, but also depends on the biomolecular 
recognition rate. For biomolecules with different recognition rate, the sufficient incubation 
time required could be different. 
 
 
Fig. 4.8. LPB peak wavelength shift of GNR-based LSPR biosensor as a function of 
concentration of anti-human IgG after a 2 h period of incubation. 
 
The sensor response (LPB peak wavelength shift) as a function of the concentration of anti-
human IgG after a period of 2 hours incubation is shown in Fig. 4.8. For each concentration, 
at least three independent measurements from the different sensor probes were undertaken, 
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in order to allow the calculation of the averages and standard deviations. As demonstrated in 
Fig. 4.8, the higher is the concentration of anti-human IgG, the greater the LPB peak 
wavelength shift that can be observed. This is due to the fact that antigen-antibody binding 
taking place at a higher concentration of anti-human IgG results in a greater refractive index 
change at the surface of sensor probes. The LPB peak wavelength shifts were found to be 
2.81±0.49 nm, 4.18±0.27 nm, 6.12±0.91 nm and 7.47±0.68 nm, corresponding to the 
incubation in anti-human IgG solutions with concentration of 1.6 nM, 8 nM, 40 nM and 80 
nM, respectively. The detection limit, defined as the lowest detectable concentration, was 
determined to be 1.6 nM for the GNR-based LSPR biosensor, as it is difficult to recognize 
the wavelength shift when the concentration of anti-human IgG is below 1.6 nM.  
 
Compared with the results of previous studies based on spherical GNPs, a slight lower 
detection limit (0.8 nM) for the U-bent LSPR optical fibre sensor using spherical GNPs with 
a mean diameter of 40 nm has been reported by Sai et al [8]. However, rather than 
interrogating the LSPR peak wavelength as was done in the work herein, the sensor reported 
by Sai et al was actually evaluated using an absorbance-based measurement, where the 
absorbance change was measured at a fixed wavelength. This is due to the fact that the LSPR 
wavelength of their sensor is insensitive to the refractive index change. As shown in Fig. 4.6, 
the binding of anti-human IgG resulted in both the red-shift of LPB peak wavelength and the 
increase of absorbance in the absorption spectra of the GNR-based LSPR biosensor created 
in this work. Therefore, technically, both wavelength- and absorbance-based interrogation 
methods can be applied measuring the LSPR response. However, the reason we prefer the 
wavelength-based approach to the intensity- or absorbance-based approach in this work is 
that, the former method allows for changes to the intensity of the light transmitted or 
received by the fibre – for example due to changes in alignment, variations in source 
intensity or fibre bending in use: all effects which in an intensity- or absorbance-based 
measurement regime can be mistaken for changes to the actual measurement and potentially 
cause errors in the final result. Therefore, compared to the intensity- and absorbance-based 
approaches, the wavelength-based interrogation method offers more reliable and accurate 
results.  
 
On the other hand, by comparing these results with those previously reported for LSPR 
sensors which also use the wavelength-based measurement approach, it was found out that 
the defection limit of the sensor reported was close to that reported by Mayer et al (1 nM) 
[26] and higher than that of the chip based LSPR sensors reported by Marinakos et al (0.94 
nM) [27], but much lower than that of a solution-phase based LSPR sensor reported by Yu et 
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al (10 nM) [28]. Despite a lower detection limit being achieved by the chip based LSPR 
sensor [27], that sensor system requires more expensive bulk components, such as a UV-Vis 
spectrophotometer and a greater volume of sample, compared to the optical fibre based 
sensor system used in our work.  
 
The promising results obtained herein show that the GNR-based LPSR optical fibre sensors 
prepared in this work have the ability to be a sensitive label-free biosensor for studying the 
interaction between biomolecules as well as other biosening applications. In addition, the 
sensor performance could be further improved by optimizing the key parameters of the 
sensor such as the aspect ratio of the GNRs, and employing the tapered sensor probe which 
has shown higher refractive index sensitivity in SPR sensing. 
 
4.5 Summary 
In this chapter, a GNR-based LSPR optical fibre biosensor has been fabricated, evaluated 
and cross-compared. Based on the previous study, GNRs with an aspect ratio of 4.1 
synthesized by the seed-mediated growth method were employed to fabricate the sensor 
probes, as they have demonstrated high sensitivities to refractive index change. In order to 
further enhance the sensor performance, the effect of sensing length on the refractive index 
sensitivity has also been studied and the results have shown that the GNR-based LSPR 
sensors with a 2 cm sensing length has the optimum refractive index sensitivities as high as 
601 nm/RIU. Such sensor probe has been further functionalized with human IgG for 
developing a label-free LSPR biosensor. The detailed functionalization procedure has been 
described and discussed. The evaluation of the biosensing performance of the as-prepared 
LSPR biosensor has been performed by immersing the sensor probes into the anti-human 
IgG solution with different concentrations and measuring the absorption spectral change 
using a wavelength-based interrogation approach. The results show that the LPB peak 
wavelength of GNRs is sufficiently sensitive to detect the small refractive index changes 
caused by the biomolecular interaction, and a detection limit of 1.6 nM for detecting anti-
human IgG was found for the as-prepared GNR-based LSPR biosensor. Compared to 
previously reported LSPR optical fibre biosensors, which are only based on the absorbance 
or intensity measurement (due to the poor wavelength sensitivity), the GNR-based LSPR 
biosensors demonstrated in this work are able to be interrogated based on their wavelength 
shifts, due to their high wavelength sensitivities to both bulk and micro-refractive index 
changes. The GNR-based LSPR optical fibre biosensors reported are relatively inexpensive 
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to produce, thus potentially disposable after single use and could be developed further for a 
wide range of other bio-sensing applications, especially enabling the wavelength 
interrogation approach shown to be successful in this work to be more widely used. 
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Chapter 5 
Surface modification of CTAB-capped 
GNRs for LSPR biosensor development 
 
5.1 Introduction 
The seed-mediated growth method for the synthesis of GNRs has been widely applied due to 
its simplicity and high yields of GNRs compared to other approaches such as 
electrochemical method [1], template method [2] and lithographic method [3]. The surface of 
GNRs synthesized using the seed-mediated growth method is fully covered by the dense 
bilayers of positively charged CTAB molecules, which makes the GNRs soluble in aqueous 
solution [4]. CTAB plays a significantly important role in the synthesis of GNRs. It not only 
works as a “structure-directing agent” to assemble the gold ions forming the rod-shape 
particles, but also works as a stabilizer to prevent the as-synthesized GNRs from aggregation 
[4, 5]. However, there are two main drawbacks of this CTAB bilayer limiting the CTAB-
capped GNRs for further applications. First, the CTAB bilayers physisorbed onto the GNRs 
surface are not robust and can be easily dissociated from the GNRs surface under many 
circumstances such as those with high salt content, low CTAB concentration and addition of 
organic solvents, resulting in the irreversible aggregation of GNRs [6, 7]. This disadvantage 
makes the CTAB-capped GNRs difficult to be applied as a solution-phase-based LSPR 
biosensor for biosensing applications where the GNRs are needed to work in buffer solutions 
with the high salt content. Second, it has been found that free CTAB molecules show high 
cytotoxity in in vitro studies, while the bound CTAB molecules are not toxic [8]. Although 
the majority of free CTAB molecules in GNRs solutions can be separated by centrifugation 
[8], the unstable physisorption of CTAB could also result in the release of part of the bound 
CTAB from the GNRs surface. In addition, the complete removal of CTAB molecules also 
results in the irreversible aggregation of GNRs in solution. Therefore, it is necessary to apply 
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an appropriate approach to modify the CTAB-capped GNRs surface, in order to extend their 
applications for solution-phase-based LSPR biosensing, cell imaging, drug delivery and 
disease therapy [9, 10]. 
 
As introduced in Chapter 2, there are basically two approaches that have been applied for the 
surface modification of GNRs: an indirect approach involving the introduction of an 
additional layer, such as silver coating [11, 12], silicon coating [13, 14] and polyelectrolyte 
coating [15, 16], to cover the entire CTAB-capped GNRs surface, and a direct approach 
regarding the replacement of CTAB with the thiol-terminated ligands such as thiolated PEGs 
[17-20] and MUA [21-23] via ligand exchange. For the indirect approach, since the LSPR 
effect decays exponentially from the surface of GNRs, additional layer of coating will 
increase the distance between the GNRs surface and target molecules, thus resulting in the 
decrease of sensitivity when such surface modified GNRs are employed to make an LSPR 
biosensor. The direct method, on the other hand, can overcome this limitation. Compared to 
the thoilated PEGs, which have the large molecular size, MUA is a smaller molecule that can 
offer higher sensitivity and its terminal carboxyl group can be further functionalized to 
conjugate biomolecules. These advantages make MUA an ideal candidate as a functional 
linker for the preparation of biosensors. However, the common procedure of using MUA 
ethanolic solution to modify the surface of GNRs immobilized on a substrate, such as the 
example we demonstrated in Chapter 4, cannot be directly applied for the free GNRs 
suspending in solution. This is because that the MUA molecule has a hydrophobic property, 
and the CTAB molecules bound to the GNRs surface are not stable in the ethanolic solution. 
Therefore, protections such as constant sonication at elevated temperature [21, 22] or using 
an ionic exchange resin [23] are normally required to prevent the irreversible aggregation of 
GNRs during the ligand exchange. However, from the experience of this research, these 
methods either often lead to aggregation or are complicated to implement.  
 
This chapter introduces a novel robust pH-mediated protocol for effectively modifying the 
surface of CTAB-capped GNRs and the demonstration of using such surface modified GNRs 
as a generic label-free LSPR biosensing platform. The bilayer of CTAB molecules attaching 
to the surface of GNRs synthesized by using the seed-mediated growth method have been 
replaced by MUA molecules at alkaline pH, which allows the ligand exchange between 
CTAB and MUA at GNRs surface to take place in an aqueous condition without additional 
protections. The success of the replacement of CTAB has been confirmed by the surface 
elemental analysis performed using an X-ray photoelectron spectroscopy (XPS). 
Subsequently, the MUA-modified GNRs have been further functionalized with human IgG 
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to develop a solution-phase-based label-free LSPR biosensor for detecting anti-human IgG, 
and the biosensing performances of the LSPR biosensor created have also been 
demonstrated. 
 
5.2 Novel surface modification of CTAB-capped GNRs 
5.2.1 Materials 
 
Gold (III) chloride trihydrate (HAuCl4·3H2O), ascorbic acid, silver nitrate (AgNO3), 
cetyltrimethylammonium bromide (CTAB), sodium borohydride (NaBH4), sodium 
hydroxide (NaOH), 11-Mercaptoundecanoic acid (MUA) and ethanol were purchased from 
Sigma Aldrich. Ultrapure de-ionized (DI) water (18 MΩ) was used to prepare all solutions. 
All chemicals and reagents were of analytical grade and used as received. All procedures 
were conducted at room temperature unless specified otherwise. 
 
5.2.2 Instrumentation and characterization  
 
The absorption spectra of the GNRs solutions were measured by using a LAMBDA 35 
UV/VIS spectrophotometer (PerkinElmer Inc.) as shown in Fig. 5.1 (a), over the wavelength 
range from 400 nm to 1100 nm. The mean aspect ratio of the gold nanorods was determined 
by using a JEOL 1010 TEM. The TEM samples were prepared by placing 2 µL of diluted 
gold nanorods solution on a 3 mm 400-mesh Formvar coated copper grid (purchased from 
Agar Scientific) and evaporating the solution at room temperature. The surface elemental 
analyses were performed at the X-ray photoelectron spectrometer (XPS) analysis centre 
located within the Cardiff University, using a Kratos AXIS Ultra DLD XPS equipped with a 
delay-line detector and a radiation source (a monochromatic Al Kα X-ray source) as 
demonstrated in Fig. 5.1 (b). The XPS samples were prepared by dropping concentrated 
MUA-modified GNR solution on the silicon wafers. The XPS data were analyzed using 
CasaXPS software. 
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(a) 
 
 
 
(b) 
 
Fig. 5.1. Photographs of (a) absorption spectrum analysis system, and (b) XPS analysis 
system. 
 
5.2.3 Preparation of GNRs  
 
GNRs with three different aspect ratios were prepared by following the same procedure 
described in Chapter 3 using the seed-mediated growth method. The aspect ratio of GNRs 
was controlled by manipulating the amount of silver ions in the growth solution, with other 
conditions kept consistent with those mentioned in Chapter 3. In this work, the addition of 
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120, 200 and 300 µL of 0.02 M AgNO3 solutions to three identical growth solutions resulted 
in the produce of GNRs with aspect ratios of 2.6 ± 0.2, 3.3 ± 0.25, 3.9 ± 0.4, respectively, 
which were determined by the TEM images analysis. Fig. 5.2 (a) and (b) shows both the 
absorption spectra and the TEM images of the as-synthesized GNR solutions with different 
aspect ratios. The TPB of GNRs appears at about 510 nm while the LPB has a red shift from 
about 685 nm to 790 nm with the increase of the aspect ratio. 
 
 
 
(a) 
 
 
 
(b) 
 
Fig. 5.2. (a) Absorption spectra of GNRs solution with different aspect ratios, (b) TEM 
images of GNRs with aspect ratios: A-2.6 ± 0.2, B-3.3 ± 0.25, C-3.9 ± 0.4. 
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5.2.4 Novel procedure of surface modification of GNRs  
 
 
 
 
Fig. 5.3. Schematic illustration of surface modification of the CTAB-capped GNR with 
MUA. 
 
A novel but simple pH-mediated method was applied in this experiment to completely 
replace CTAB from the surface of GNRs synthesized above. The detailed procedure used 
was as follows: prior to the surface modification of the GNRs, excess CTAB in the GNRs 
solutions with different aspect ratios synthesized as above was removed by two rounds of 
centrifugation at 8000 rpm for 20 min for each round. The supernate was carefully decanted 
and the GNRs were re-suspended in an equal amount of DI water. 20 mM MUA aqueous 
solution was prepared by adding 44 mg MUA to 10 mL DI water. In order to dissolve MUA, 
the mixture was first put under sonication for several minutes until the majority of the MUA 
was dispersed in water, which results in a white cloudy suspension. Subsequently, 0.2 M 
NaOH solution was added to the MUA solution (dropwise) with stirring and periodic 
sonication, until the MUA dissolves. As illustrated in Fig. 5.3, after the preparation of MUA 
aqueous solution, 4 mL of 20 mM MUA aqueous solution was added to each 10 mL of 
purified GNRs solutions with different aspect ratios prepared as above with vigorously 
stirring for 24 h, in order to completely replace the CTAB bound onto the GNRs surface. 
Finally, excess MUA was removed by another two rounds of centrifugation at 8000 rpm for 
20 min each time, and the MUA-modified GNRs were then re-dispersed in 0.01 M borate 
buffer at pH 9. 
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5.2.5 Results and discussions 
 
5.2.5.1 Surface modification of GNRs 
 
 
 
Fig. 5.4. Absorption spectra of GNRs before and after being modified with MUA. 
 
Fig. 5.4 shows the absorption spectra of the GNRs in solution before and after being 
modified by MUA. The absorption spectra of GNRs before being modified by MUA shown 
in Fig. 5.4 were taken from the same spectra shown in Fig. 5.2 (a). As demonstrated in Fig. 
5.4, after the surface modification, the spectra of the MUA-modified GNRs with different 
aspect ratios almost remain the same shape as the CTAB-capped GNRs, which indicated that 
no aggregation of GNRs occurred during the process of surface modification. After the 
ligand exchange with the MUA, the resonance peak of TPB almost still stays at 510 nm with 
no significant wavelength shift observed. However, a clear red shift in the LPB of GNRs 
with different aspect ratios was observed after the surface modification. The red shift could 
be attributed to the refractive index change at the surface of GNRs due to the ligand 
exchange. It has been reported that the LPB of GNRs in solution is more sensitive to the 
refractive index change of the environment surrounding the GNRs surface than TPB [24]. 
Table 2 summarises the change of LPW of GNRs before and after the modification with 
MUA. For the GNRs with aspect ratios of 2.6 ± 0.2, 3.3 ± 0.25, 3.9 ± 0.4, the resonance 
peak of LPB shifted about 4, 7 and 10 nm, respectively. The results obtained are in a good 
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agreement with those reported, confirming that the sensitivity of GNRs increases with the 
increase of aspect ratios [25]. 
 
Table 2. Resonance peak of LPB of GNRs before and after being modified with MUAa. 
 AR 2.6 ± 0.2 AR 3.3 ± 0.25 AR 3.9 ± 0.4 
CTAB-GNRs 684.84±0.02 734.09±0.02 790.5±0.01 
MUA-GNRs 688.95±0.1 741.69±0.32 801.33±0.35 
aFor each aspect ratio, the resonance peak of LPB before and after being modified with 
MUA was obtained from three independent measurements in order to calculate the averages 
and standard deviations. 
 
In this work, the surface modification of CTAB-capped GNRs involves the efficient 
replacement of CTAB with MUA. The ligand exchange is realized by simply mixing the 
MUA aqueous solution with GNRs solution over a certain period of time. Normally, when 
MUA is used for the surface modification of gold film or GNPs coated on a substrate, the 
surface modification is carried out by immersing gold film or GNPs coated substrate in the 
MUA solution prepared by dissolving MUA in ethanol or an ethanol-water mixture, due to 
the fact that MUA has the hydrophobic character. Such an example can be found in the 
preparation of GNR-based LSPR optical fibre biosensor as demonstrated in Chapter 4. 
However, as CTAB molecules are very soluble in polar solvents like ethanol, when the 
CTAB-capped GNRs are in the presence of ethanol or an ethanol-water mixture, the CTAB 
molecules bound onto the GNRs surface become unstable and will strip off eventually. It is 
not a problem for the GNRs immobilized on a substrate. However, for those GNRs 
suspending in solution, the loss of CTAB protection due to the addition of MUA-ethanol 
solution will result in a serious and irreversible aggregation of GNRs. Fig. 5.5 shows the 
results before and after a small amount of ethanol was added to the GNRs solution. The 
shape of the spectrum completely changed after one hour, indicating that the GNRs have lost 
the protective bilayer of CTAB. That’s the reason why protections such as consistent 
sonication at elevated temperature [21, 22] or using an ionic exchange resin [23] are 
necessarily needed to prevent the GNRs from aggregation in the previously reported 
approaches. In addition, these published approaches normally require several steps to 
complete. The novel methodology for surface modification of CTAB-capped GNRs in 
solution proposed in this work exploits the carboxylic acid group present in MUA by 
operation in basic aqueous solution, which can overcome the drawbacks appeared in the use 
of MUA ethanolic solution. In the carboxylate form, the MUA is still able to displace the 
CTAB molecules and prevent aggregation of the GNRs, avoiding the use of an ethanolic 
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solution entirely. In addition, the procedure of surface modification of GNRs demonstrated 
here is much simpler than that of previously reported approaches involving the use of MUA. 
Thus, a novel pH-mediated protocol of surface modification using MUA carboxylate is 
proposed in this work that removes CTAB from the GNRs surface without aggregation and 
simplifies the procedure to produce functionalizable GNRs in aqueous solution. 
 
 
 
Fig. 5.5. Absorption spectra of GNRs solutions with the addition of ethanol over time. 
 
To further confirm the success of the complete replacement of CTAB with MUA, a surface 
elemental analysis of the GNRs surface was carried out using XPS. Fig. 5.6 (a) and (b) 
shows the XPS spectra of CTAB-protected GNRs and MUA-modified GNRs, respectively. 
In the XPS spectrum of CTAB-capped GNRs as shown in Fig. 5.6 (a), the bromine signal 
was found with no sulfur signal observed, indicating the presence of CTAB before the 
surface modification. On the contrary, as shown in Fig. 5.6 (b), the bromine signal is absent 
from the XPS spectrum of MUA-modified GNRs, but a clear sulfur signal can be observed, 
indicating that CTAB molecules attaching to the GNRs surface have been replaced by MUA 
molecules after the surface modification. The results obtained from the surface elemental 
analysis of GNRs confirm the complete removal of CTAB and a replacement with MUA. As 
a silica wafer was used as the supporting substrate, the presence of the Au signal was 
observed in both of the XPS spectra of the CTAB-GNRs and the MUA-GNRs (inset in Fig. 
5.6 (a) and (b)), verifying that the results are acquired from the GNRs indeed, rather than 
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from solution and this confirms further the success of the ligand exchange on the GNRs 
surface. 
 
 
 
(a) 
 
 
 
(b) 
 
Fig. 5.6. XPS spectra of (a) CTAB-capped GNRs, and (b) MUA-modified GNRs. 
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5.2.5.2 Stability of MUA-modified GNRs 
 
 
 
(a) 
 
 
(b) 
 
Fig. 5.7. (a) Absorption spectra of MUA-modified GNRs in borate buffer at pH 9 during 4 
months storage at 4°C, (b) Stability of MUA-modified GNRs prepared and reported by other 
researchers [21]. 
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After the surface modification, the MUA-modified GNRs were purified by centrifugation, 
followed by being resuspended in 0.01 M borate buffer at pH 9 and stored at 4°C. The 
stability of the MUA-modified GNRs was monitored for a period of 4 months and the 
absorption spectra of the GNRs solution recorded during the 4 months are shown in Fig. 5.7 
(a). As can be observed in Fig. 5.7 (a), the absorbance in the absorption spectrum decreased 
slightly in each month, which could be due to the deposition of a small amount of GNRs. 
However, the majority of GNRs were still suspended in the buffer solution and no significant 
change in the absorption spectra was observed, such as the broadening of the spectrum or 
resonance peak shift of LPB, as found in Fig. 5.5. Even after 4 months storage, the 
absorption spectrum still remained its original shape without any deformation, indicating the 
MUA-modified GNRs developed in this work are of high stability, for up to 4 months at 
least. Compared to the stability of MUA-modified GNRs in the previously reported work as 
shown in Fig. 5.7 (b) [21], where the surface modification with MUA was carried out under 
constant sonication at elevated temperature, the spectrum of such surface modified GNRs not 
only became broader but also a slight red-shift of peak wavelength in LPB can be observed 
in Fig. 5.7 (b) after only 15 days of preparation, indicating the poor stability of the MUA-
modified GNRs produced in their work. 
 
In addition, the stability of the MUA-modified GNRs was also evaluated under various pH 
conditions. When the MUA-modified GNRs were suspended in a pH 3 solution, an 
immediate aggregation of the GNRs was observed. The absorption spectra of MUA-
modified GNRs suspended in the pH 3 solution is shown in Fig. 5.8. As can be seen in Fig. 
5.8, after only 2 min, the absorption spectrum of GNRs had already become broadening and 
the LPB almost disappeared. After half-hour, the spectrum had completely changed from its 
original shape and nearly all the GNRs had deposited at the bottom of the container. 
However, when the pH value of the same GNRs solution was adjusted to a higher value (pH 
>7), the MUA-modified GNRs were observed to start disaggregating and return to the 
suspension form eventually. This reversible aggregation phenomenon can be attributed to the 
simple acid-base character, as the solubility of the MUA-capped GNRs will change 
accordingly. The stability of the MUA-modified GNRs was also verified in a neutral pH 
environment, where the MUA-modified GNRs were suspended in DI water at pH 7, and 
again the aggregation occurred over time. The results shown in Fig. 5.9 confirm that GNRs 
start to aggregate gradually after a few hours and eventually deposit completely at the 
bottom after 24 h. A similar reversible aggregation phenomenon such as that was seen in the 
case of pH 3 was also observed, where the GNRs separated from each other and dispersed in 
the solution again after the pH value was readjusted to the high level (pH >7). This reversible 
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aggregation property could be useful for some particular applications. Stable performance of 
the MUA-modified GNRs had been observed when the pH level is equal or greater than pH 
9. Therefore, in this work, the MUA-modified GNRs were stored in the borate buffer at pH 9 
after the surface modification. 
 
 
 
Fig. 5.8. Absorption spectra of the MUA modified GNRs in PBS buffer at pH 3. 
 
 
 
Fig. 5.9. Absorption spectra of the MUA-modified GNRs in DI water at pH 7. 
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A different and opposite phenomenon had also been observed for the CTAB-capped GNRs. 
The CTAB-capped GNRs had shown a good stability when they were suspended in water 
and slightly acidic solutions. However, when they were suspended in an alkaline solution 
with pH level greater than 7, an irreversible aggregation of GNRs occurred. This is due to 
the reason that the cationic molecules of CTAB on the GNRs surface are unstable in the high 
anionic density environment so that the GNRs lose the protection of the CTAB stabilizer, 
which can keep the GNRs away from each other by the repulsive force. This aggregation 
difference between the CTAB-capped and MUA-modified GNRs indirectly proves the 
success of the surface modification in this experiment carried out. 
 
5.3 Development of solution-phase-based LSPR biosensor 
using the MUA-modified GNRs 
5.3.1 Materials  
 
Human IgG (purified immunoglobulin, reagent grade), anti-humanIgG (whole molecule, 
produced in goat), bovine serum albumin (BSA), N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) were 
purchased from Sigma Aldrich. Ultrapure de-ionized (DI) water (18 MΩ) was used to 
prepare all solutions. 
 
5.3.2 Functionalization of MUA-modified GNRs to develop LSPR 
biosensor 
 
After the surface modification, the MUA-modified GNRs were functionalized with the 
human IgG via the EDC/NHS protocol [26], in order to fabricate a solution-phase-based 
LSPR biosensor for detecting anti-human IgG. The detailed procedure is as follows: 20 µL 
of freshly prepared EDC (0.05 M) /Sulfo-NHS (0.1 M) solution was added to 1 mL of MUA-
modified GNRs solution with aspect ratio 3.9 in a 1.5 mL micro centrifuge tube to activate 
the carboxyl group of the MUA. The mixture was then gently vortexed for 25 min, followed 
by the addition of 50 µL of 1 mg/mL human IgG into the same tube with gentle vortex. After 
1 h of incubation, the human IgG-functionalized GNRs were purified by centrifugation at 
8000 rpm for 20 min and washed twice using a washing buffer (1% BSA in 0.01 M borate 
buffer at pH 9). Here, the washing buffer also works as a blocking agent to block the sensing 
129 
 
Chapter 5 
surface of the functionalized GNRs in order to prevent the unspecific binding. Finally, the 
human IgG conjugated GNRs were resuspended and dispersed in the washing buffer and 
stored at 4 °C before use. 
 
5.3.3 Detection of target molecule 
 
Further to the above successful functionalization of the MUA-modified GNRs, a solution-
phase-based LSPR biosensor platform had been established and was ready for further tests. 
In this work, anti-human IgG was employed as the target molecule to evaluate the biosensing 
performance of the LSPR biosensor created. This was conducted by adding a known amount 
of anti-human IgG into 1 mL of the as-prepared GNRs biosensor solution, followed by 
gently shaking the mixture for a few seconds. In order to observe the dependence of the 
sensor response on incubation time, the mixture was incubated for a period of 1 h and the 
absorption spectrum was collected every 5 min during the period of incubation, using the 
LAMBDA 35 UV/VIS spectrophotometer. 
 
5.3.4 Results and discussions 
 
5.3.4.1 Functionalization of MUA-modified GNRs 
 
As the sensitivity of GNRs increases with the increase of their aspect ratios [25], in order to 
enhance the sensitivity of the biosensor probe, GNRs with a mean aspect ratio of 3.9 were 
chosen in this work to be further functionalized as a LSPR biosensor probe. The carboxyl 
groups of the MUA immobilized on the GNRs surface were first activated by EDC to form 
an intermediate, which was further coupled with the water soluble Sulfo-NHS, resulting in 
the formation of a stable amine-reactive Sulfo-NHS ester. The activated Sulfo-NHS ester 
crosslinker then reacted with the amine groups of the human IgG, yielding stable amide 
bonds, which enable the human IgG to be covalently immobilized on the GNRs surfaces. As 
shown in Fig. 5.10, after the MUA-modified GNRs were conjugated with human IgG, a clear 
17 nm red shift of the resonance peak of LPB was observed in the absorption spectra. This 
red shift is caused by the refractive index change at the GNRs surface due to the binding of 
human IgG. On the other hand, the resonance peak of TPB almost still remained at 510 nm 
without any significant shift. After the successful binding of human IgG, the unoccupied 
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Sulfo-NHS esters were blocked by BSA in the washing buffer to avoid any nonspecific 
recognition, creating an immunosensor which is specific for anti-human IgG. 
 
 
 
Fig. 5.10. Absorption spectra of MUA-modified GNRs before and after being functionalized 
with human IgG. 
5.3.4.2 Evaluation of biosensing performance 
 
The dependence of sensor response on incubation time was first evaluated by adding anti-
human IgG with different concentrations into different sensor probe solutions, and the 
absorption spectra of the mixtures were kept under monitoring for 1 h incubation time. The 
resonance peak of LPB, due to its high sensitivity to the refractive index change, was 
employed as an indicator to observe the sensor response. Fig. 5.11 shows the resonance peak 
shift of LPB as a function of time for the binding of anti-human IgG with different 
concentrations. As demonstrated in Fig. 5.11, the majority of LPB peak wavelength shifts 
corresponding to the different concentrations of anti-human IgG almost all occurred in the 
first 10 min, indicating the biosensor created has a fast response to the target binding. 
Despite the binding of anti-human IgG was continuously taking place over 1 h incubation, no 
significant resonance peak shift of LPB had been observed after the first 10 min, indicating 
the antigen-antibody reaction nearly reached equilibrium, thus the anti-human IgG 
incubation time could be shortened to 10 min.  
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Fig. 5.11. Resonance peak shift of LPB vs. incubation time of anti-human IgG with different 
concentrations. 
 
 
In order to determine the detection limit of the as-prepared LSPR biosensor and observe the 
sensor response to the different concentrations of anti-human IgG, one experiment had been 
conducted by gradually increasing the concentration of anti-human IgG in the same sensor 
probe solution. For each concentration, the mixture was incubated for 10 min and the 
corresponding spectra, as shown in Fig. 5.12, were collected accordingly. When the 
concentration of anti-human IgG is below 0.4 nM, no significant resonance peak shift of 
LPB was observed. However, when the concentration was adjusted to a value greater than 
0.4 nM, a constant red-shift of LPB peak wavelength was observed in the absorption spectra 
as illustrated in Fig. 5.12, showing a typical LSPR sensor response to the surrounding 
refractive index change (due to the antigen-antibody recognition in this case). For the 
concentrations of anti-human IgG greater than 100 nM, no significant additional peak 
wavelength shift of LPB could be observed even when the concentration reached 1 µM, 
indicating the saturation of the biosensor for binding anti-human IgG. Therefore, the 
detection limit of the as-created LSPR biosensor for detecting anti-human IgG is determined 
as 0.4 nM, as no wavelength shift could be easily recognized when the concentration is 
below this value. 
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Fig. 5.12. LSPR sensor response to anti-human IgG with different concentrations. 
 
 
 
 
Fig. 5.13. Resonance peak shift of LPB vs. anti-human IgG concentration. 
 
As shown in Fig. 5.13, the sensitivity of the LSPR biosensor fabricated was evaluated by 
measuring the resonance peak shift of LPB as a function of concentration of anti-human IgG. 
For each concentration, at least three independent measurements from different samples 
were undertaken, in order to calculate the averages and standard deviations. As demonstrated 
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in Fig. 5.13, the greater the concentration of anti-human IgG, the more LPB peak wavelength 
shift can be observed. The resonance peak of LPB didn’t shift much until the concentration 
of anti-human IgG increased to 40 nM, indicating the effective binding of anti-human IgG 
happened at the concentration above 10 nM. However, when the concentration reached 1 
µM, only about 0.5 nm additional shift was observed compared to the LPB peak wavelength 
shift obtained at 100 nM, which indicates the as-prepared LSPR biosensor nearly saturates at 
100 nM.  
 
The results shown above demonstrate that a label-free LSPR biosensor for detecting the 
interaction between an antigen and antibody has been successfully fabricated using the 
MUA-modified GNRs prepared by the pH-mediated method introduced in this work. The 
resonance peak shift of LPB caused by the antigen-antibody recognition only can be 
observed in the presence of anti-human IgG. No such wavelength shift was observed when 
the same experiment was carried out on the GNRs without being functionalized with human 
IgG. The detection limit of the as-prepared LSPR sensor probe for detecting anti-human IgG 
is as low as 0.4 nM, which is 25 times lower than that reported in a previously published 
similar work (10 nM), in which the surface modification of GNRs was carried out with the 
MUA ethanolic solution under protections [21], rather than with the MUA aqueous solution 
without any protection as we did in this work. The low detection limit obtained could be 
attributed to the efficient surface modification of GNRs by employing the pH-mediated 
method developed in this work. However, we noticed that the sensitivity of the sensor 
prepared in this work is not as high as that of previously published work [21], because the 
resonance peak of LPB did not shift as much as that reported at the same concentration of the 
targeting molecules. As the binding of biomolecules was taken place in a neutral pH 
environment in the previously reported work, considering the alkaline conditions (pH 9) 
applied in preparing the GNRs-based sensor probe solution in this experiment and the EDC 
cross-linking is more efficient in acidic environment (~ pH 5) [27, 28], the sensitivity of the 
sensor developed in this work could be improved by approaches such as increasing the 
concentration of the EDC, which may compensate for the reduced coupling efficiency. In 
addition, as the sensitivity of the GNRs increases with the increase of aspect ratio, the 
sensitivity of the LSPR biosensor could be further improved by employing GNRs with 
higher aspect ratio. 
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5.4 Summary 
In this chapter, a simple, yet robust method to completely replace the CTAB surfactant from 
the surface of seed-mediated grown GNRs with MUA by controlling the pH has been 
demonstrated. This method allows the ligand exchange between the CTAB and the MUA to 
proceed in a total aqueous environment and no irreversible aggregation of GNRs was 
observed during the surface modification process or subsequently during further 
manipulation. Compared to the previously reported methods using MUA ethanolic solution, 
this new approach enables the operational process to be free from additional protections, 
such as sonication at elevated temperatures or using ionic exchange resin. The MUA-
modified GNRs produced in this work are of high stability, shown here to be up to 4 months 
(at least) in a buffer solution at pH 9. The introduction of a carboxyl group of MUA at the 
GNRs surface allows ease of the further functionalization of GNRs to form a solution-phase-
based label-free LSPR biosensor for the detection of biomolecular interaction. The detection 
limit of the LSPR biosensor created for detecting anti-human IgG was found as low as 0.4 
nM. The promising results show the ability of the MUA-modified GNRs prepared in this 
work to be used as a label-free biosensor platform. The novel pH-mediated protocol of 
surface modification of GNRs proposed in this work is also generic and thus could be 
beneficial to other biochemical applications, such as cell imaging, drug delivery and disease 
therapy. 
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Chapter 6 
Conclusions and future work 
 
6.1 Conclusions of the work carried out 
The work carried out in this thesis mainly aimed to develop a novel, sensitive GNR-based 
LSPR optical fibre sensor for the label-free biosensing applications, and to develop a simple, 
robust method for effectively modifying the surface of CTAB-capped GNRs which can be 
applied as a generic platform for label-free LSPR biosensing as well as other biomedical 
applications. Based on the results obtained from this research and the achievements attained, 
the conclusions of the work carried out in this thesis are drawn below: 
 
• A brief yet comprehensive review on the subjects of SPR and LSPR sensors was 
given in Chapter 2, based on a large number of related references. The background, 
sensing principle, sensor system, fabrication techniques, applications, as well as 
other aspects with regard to the SPR and LSPR sensors were systematically 
introduced in this review along with appropriate comparisons and discussions, which 
formed the basis of this work and provided sufficient information for supporting the 
work to be carried out. 
 
• Based on the review of previously reported work regarding the LSPR sensors, it was 
found that optical fibre based LSPR sensors showed many advantages, such as small 
sample volume requirement, a miniaturized and simplified optical design, immunity 
to electromagnetic interference and capability for remote sensing, over the LSPR 
sensors based on other configurations. However, the majority of the previously 
reported LSPR optical fibre sensors were based on the conventional spherical GNPs. 
No research had been reported on the LSPR optical fibre sensor using the rod-shaped 
GNPs — GNRs, which had shown unique and intriguing optical properties and had 
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been found to possess refractive index sensitivity higher than that of spherical GNPs 
in the studies of LSPR sensors based on other configurations. Therefore, the 
exploration of developing a GNR-based LSPR optical fibre sensor was carried out as 
demonstrated in Chapter 3. 
 
• In order to fabricate the GNR-based LSPR optical fibre sensor, GNRs with various 
aspect ratios were first synthesized using a seed-meditated growth method due to the 
ease of preparation and a high yield of GNRs compared to other GNRs synthesis 
approaches. Factors that may affect the quality of the GNRs during the synthesis 
process, such as ageing time and temperature, were discussed in detail based on the 
phenomena observed in numerous experiments carried out to synthesize GNRs in 
this work. According to these findings, the optimum conditions for synthesizing 
GNRs were determined, resulting in a yield of GNRs as high as ~ 90%. Two 
plasmon resonance bands — TPB and LPB, corresponding to electron oscillations 
along the short and long axes of the rod, respectively, were observed in the 
absorption spectra of the as-synthesized GNRs solutions. To fabricate the LSPR 
sensor probes, GNRs with different aspect ratios were covalently immobilized onto 
the MPTMS-modified, decladded surfaces of several pieces of multimode optical 
fibres, respectively, using a dip-coating method. In order to enable the sensor probe 
to be operated as a reflective sensor, a silver mirror was chemically attached to one 
distal end of the optical fibre through a silver reaction technique. Thus, the GNR-
based LSPR optical fibre sensors were successfully created.  
 
• The LSPR sensor system, including several sensor probes, a white light source, a 
mini-spectrometer, a 2x1 fibre coupler and a computer, was set up for the evaluation 
of the performances of the GNR-based LSPR optical fibre sensors prepared in this 
work. By immersing the sensor probes into the testing solutions with different 
refractive indexes ranging from 1.34 to 1.41, the LPB of each sensor was found to be 
much more sensitive to the surrounding refractive index change than the TPB. By 
monitoring the resonance peak shift of the LPB with refractive index change, it was 
found that the LSPR optical fibre sensors based on GNRs with aspect ratios of 2.6, 
3.1, 3.7 and 4.3 had refractive index sensitivities of 269, 401, 506 and 766 nm/RIU, 
respectively, indicating that the sensitivity of the GNR-based LSPR optical fibre 
sensor increases with the increase of the aspect ratio of GNRs, which is in a good 
agreement with the previously reported results obtained from the GNR-based LSPR 
sensors with other configurations. In addition to the high stability, the GNR-based 
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LSPR optical fibre sensors also demonstrated higher refractive index sensitivities 
with better linearity in comparison with those of LSPR optical fibre sensors based on 
spherical GNPs. The promising results indicate that the GNR-based LSPR optical 
fibre sensors prepared in this work could offer improved performance for the 
applications in which the conventional spherical GNP-based LSPR optical fibre 
sensors have been employed. 
 
• The development and evaluation of the GNR-based LSPR optical fibre biosensors 
for label-free biosensing were carried out and reported in Chapter 4. In order to 
enhance the sensor performance, a LSPR optical fibre sensor probe with a 2 cm 
sensing length, immobilized with GNRs with mean aspect ratios of 4.1, was chosen 
to be fabricated and it showed a refractive index sensitivity as high as 601 nm/RIU. 
The GNRs immobilized on sensor probe were further functionalized with human 
IgG via the EDC/NHS coupling approach to develop a LSPR biosensor for detecting 
the specific target — anti-human IgG. A wavelength-based interrogation method 
was employed for the evaluation of the biosensing performance of the as-prepared 
LSPR biosensor, and a detection limit of 1.6 nM for detecting anti-human IgG was 
achieved. Compared to the previously reported LSPR optical fibre biosensors which 
are based on the absorbance or intensity measurement due to their poor wavelength 
sensitivity to micro-refractive index change, the GNR-based LSPR optical fibre 
biosensors prepared here are of high wavelength sensitivities to both bulk and micro-
refractive index changes. The results obtained from this work show that the GNR-
based LSPR optical fibre sensors created have the ability to work as a sensitive 
label-free biosensing platform, which offers better sensing performance for a wide 
range of biosensing applications compared to the GNP-based sensing platform. 
 
• A novel, simple yet robust pH-mediated method for effectively modifying the 
surface of CTAB-capped GNRs with MUA was reported in Chapter 5. This method 
involves the dissolution of the hydrophobic MUA molecules in aqueous solution by 
controlling the pH of the solution, which allows the ligand exchange between the 
CTAB molecules attached on the GNRs surface and the MUA molecules dissolved 
in aqueous solution to take place in a total aqueous environment. No irreversible 
aggregation of GNRs was observed during the process of surface modification, and 
the success of the complete replacement of CTAB with MUA was confirmed by the 
surface elemental analysis using XPS. Such MUA-modified GNRs produced in this 
work also showed a high stability up to 4 months at least when stored in a buffer 
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solution at pH 9 at 4°C. Compared to the previously reported surface modification 
approaches using the MUA ethanolic solution, the pH-mediated method proposed in 
this work overcomes the limitations of the previous methods for the need of 
additional protections, such as sonication at elevated temperatures or using ionic 
exchange resin, in order to prevent the aggregation of GNRs during the process of 
surface modification, thus simplifying the experimental procedure.  
 
• The MUA-modified GNRs with a mean aspect ratio of 3.9 were further 
functionalized with human IgG to develop a solution-phase-based LSPR biosensor. 
The detection limit of the LSPR biosensor for detecting anti-human IgG was found 
to be as low as 0.4 nM. The results show that the MUA-modified GNRs created in 
this work have the ability to be used as a generic label-free biosensor platform, and 
the novel pH-mediated protocol proposed in this work could be also beneficial to 
other biochemical applications, such as cell imaging, drug delivery and disease 
therapy. 
 
6.2 Future work 
Based on the results obtained from the work reported in this thesis and the trend in the field 
of LSPR sensing, the future work could be carried out towards following directions: 
 
• Despite the high refractive index sensitivities have been achieved in this work for the 
GNR-based optical fibre sensors created, further improvement in sensitivity is still 
possible. As demonstrated in Chapter 3, the refractive index sensitivity of GNR-
based LSPR sensor was found to increase with the increase of aspect ratio. Thus, it is 
possible to further improve the sensitivity by employing GNRs with greater aspect 
ratios. However, this is not an ultimate solution. As the LPB of GNRs red shifts with 
the increase of aspect ratio, for GNRs with large aspect ratios, their LPBs may locate 
at a wavelength beyond the detectable range of the spectrometer, making the 
detection impossible to be carried out. Therefore, the detectable range of the 
spectrometer should be taken into consideration when choosing the size of GNRs. 
Other means include the use of tapered optical fibre and gold-silver alloyed 
nanoparticles. The tapered optical fibre based sensors have demonstrated higher 
sensitivities than those of optical fibre sensors with uniform geometry when using 
the evanescent field to directly interact with the analyte [1-3]. Therefore, by 
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replacing the conventional multimode fibre applied in this work with the tapered 
optical fibre, the refractive index sensitivity is expected to be further improved. In 
addition, silver has shown higher sensitivity to refractive index change than gold [4]. 
However, one major disadvantage of silver is that silver can be easily oxidized when 
exposed in air. The introduction of a gold layer to the surface of sliver nanoparticle 
forms a gold/silver, shell/core alloyed nanoparticle, which can overcome the 
drawback of using silver alone. By this way, the silver core can enhance the 
refractive index sensitivity, and the gold shell can offer not only high stability but 
also easy modification with cross-linker for the conjugation of biomolecules. 
 
• As the LPB of GNRs has a red-shift with increase of aspect ratio, when GNRs with 
different aspect ratios are integrated, a multiplexed sensing system can be realised. 
Such an example has also been demonstrated by a solution-phase based LSPR 
biosensor for detecting multiple target biomolecules [5]. However, no similar work 
has been reported on the optical fibre based LSPR sensor yet. Therefore, to fully 
take the advantages of GNRs, the development of a multiplexed optical fibre based 
LSPR sensor system/network could be carried out in the future. 
 
• Although LSPR sensing technique has been applied in the development of a label-
free biosensor for detecting the specific target molecules, LSPR technique itself is 
non-specific sensing technique. This is because that the LSPR response is only 
dependent on the refractive index surrounding the nanoparticles, and the specificity 
is only achieved through the molecular recognition such as antigen-antibody 
recognition [6, 7]. Therefore, LSPR is not very suitable for the identification of 
unknown molecules. The combination of LSPR technique with other identification 
techniques such as SERS allows the unknown molecules to be first characterized 
with LSPR and then identified with the identification technique [7] and this will 
greatly expand the range of applications of LSPR technique and will become a trend 
in LSPR sensing in the future. 
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